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ABSTRACT
EFFECTS OF VOLUNTARY EXERCISE PRECONDITIONING ON
LEFT VENTRICULAR SYSTOLIC FUNCTION AND CARDIAC AUTOPHAGY
IN ANGIOTENSIN II-INDUCED HYPERTENSIVE MICE
By: Brittany Wilson
Doctor of Philosophy
Temple University, December 2016
Advisor: Dr. Joon-Young Park
Purpose/Hypothesis: Hypertension is a clinical condition with persistent elevation
or raised blood pressure and accounts for approximately 9.4 million deaths every year.
Exercise is one of the most effective non-pharmacological interventions and is
emphasized in the current treatment guidelines for Hypertension from the World Health
Organization. Currently, there is no consensus on whether autophagy is compensatory or
causative in the transition from adaptive left ventricular hypertrophy to maladaptive left
ventricular remodeling. It also remains unclear whether exercise preconditioning is
sufficient to target autophagy for therapeutic benefits in Angiotensin II-induced
hypertensive mice. The purpose of this study was to examine the effect of voluntary
running exercise preconditioning on systolic function and autophagy in the heart in
angiotensin II-induced hypertensive mice.
Methods: Forty C57BL6/J mice were divided into 4 groups; Sedentary Sham
(Sed), Sedentary Angiotensin II (SAII), Exercise Sham (Ex), Exercise Angiotensin II
(ExAII). Animals in the exercise group were singly-housed and familiarized with a
running wheel for 3 days prior to the study commencing. Exercise mice had access to a
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voluntary running wheel for 7 weeks. Ang II was infused at a constant rate using an
implantable osmotic pump for the last two weeks of the experimental period.
Results: Heart weight was greater in SAII, Ex and ExAII groups compared to Sed
mice. Mice in Ex and ExAII groups had no significant differences in running distance or
running speed. Ang II infusion caused a significantly higher thickness in the left
ventricular posterior wall in diastole (LVPWd) in SAII mice which was further
exacerbated in ExAII mice, creating a greater hypertrophy effect. Exercise training
significantly raised systolic function as measured by ejection fraction (EF%) and
fractional shortening (FS%), and exercise training prevented a significant percent
reduction of EF% that was observed in SAII mice. SAII mice had significant elevations
in fibrosis when compared to Sed and Ex mice, while ExAII mice had significant
elevation in fibrosis when compared to Ex mice. In response to exercise training, DRP1
mRNA expression was significantly reduced, and in SAII mice protein expression of
LC3II/I ratio was significantly higher which was attenuated in ExAII mice.
Conclusion: Ang II resulted in a greater cardiac hypertrophy, and exercise training
prevented the significant reduction in pre-post AII infusion in ejection fraction,
preserving LV systolic function in ExAII mice. Ang II significantly raised the formation
of autophagic machinery in SAII mice, which was attenuated in ExAII mice. This was
not accompanied by a reduction in p62, indicating a possible impairment in autophagic
flux in the left ventricle. Voluntary running did not alter basal autophagy, but did reduce
LC3 autophagosome formation in ExAII mice and was able to attenuate the reduction in
systolic function seen in SAII mice.

IV

Acknowledgements
I can’t believe I’m actually writing this part in my dissertation. There were countless
times where I didn’t think I’d be here. There have been a significant number of people
who have contributed and invested in my success and allowed me to pursue my dreams.
Mentors, collaborators, colleagues, and friends who have guided and supported me along
the way. I am sincerely grateful to those who have given their time for me.
Jamie, words can ever really express the amount of support you’ve given me
throughout these past 4 (6?) years as a mentor. I don’t think I can articulate how
appreciative I am for everything you have done for me. Dr. Santiago, thank you. You are
a fierce and passionate professor, igniting a fire in students that many only aspire to do.
You have been a wonderful professor, mentor, and friend. Dr. Rooney, five years ago
you asked me “why not?”. Thank you for believing in me, pushing me, and giving me
opportunities to excel and grow in anatomy and physiology, as a teacher and as a leader.
My committee members who have guided and provided insight throughout the
course of my dissertation that have allowed me to grow not only as a researcher, but also
as a person. Dr. Tierney, thank you for your support during this time and for always
having a smile on your face. Your positive energy has been uplifting and I know your
door is always open. Dr. Chen, thank you for all the support your lab has offered me.
Your guidance as well as the guidance from your lab members (especially Michelle) has
been instrumental in my learning and acquiring of techniques. I am forever grateful. Matt,
thank you for everything you have done to help me along the way, and the opportunities
you have provided for me to learn new techniques but to also collaborate and work
alongside you in your lab. Your autophagy knowledge has been incredibly helpful.

V

To my advisor, Dr. Park. Thank you for standing by me and pushing me, even when I
don’t think I deserved it. For continuing to believe in me and provide me the tools
necessary to be a better researcher.
My friends and my extended family, thank you. There have been lots of ups and
downs and I truly appreciate all of your support, and that you finally stopped asking me
when I was going to graduate.
To my Mom and Gran, thank you. Thank you for understanding the lack of visits
home and the school work I had when you visited me. You have always been there
encouraging and pushing me along. There are no words for the endless love and support
you’ve given me. I love you both so much.
Last, to my husband Jesse. I don’t think I would be here today without you. Your
support and sacrifice to allow me to pursue my dreams has been instrumental. You have
been my rock, my shining light, and the best part of my day, everyday. I love you.

VI

TABLE OF CONTENTS
PAGE
ABSTRACT……………………………………………………………………………...III
ACKNOWLEDGEMENTS………………………………………………………………V
LIST OF FIGURES...……………………………………………………………………..X
LIST OF TABLES……………………………………………………………………….XI
LIST OF ABBREVIATIONS ...…………………………………………………….......XII
CHAPTER
1. INTRODUCTION………………………………………………………….……..2
Specific Aims………………….…………………………………………….…6
2. REVIEW OF LITERATURE………………..…………………………………....8
Hypertension……..……………………………………………….………….....8
Animal Models in Hypertension…………………………………………..8
C57BL6/J Mice and Selecting an Exercise Training Protocol……………9
Effect of Exercise on Hypertension……………………………………...10
Contractility and Cardiac Hypertrophy………………………………………12
Funny Channels………………………….………………………………12
Physiological Cardiac Hypertrophy……………………………………...13
Pathological Cardiac Hypertrophy……………………………………….13
Exercise and Physiological Cardiac Hypertrophy……………………….14
Intracellular Signal Transduction Mechanisms in Cardiac Tissue………16
Angiotensin II……………………………………………………………17
Angiotensin II Effects on Cardiac Tissue………………………………..18

VII

Autophagy……………………………………………………………………19
Mitophagy………………………………………………………………..23
Mitochondrial Dynamics………………………………………………...24
Autophagy in Cardiac Hypertrophy……………………………………...26
Cardiac Autophagy in Response to Exercise…………………………….28
Cardiac Autophagy in Response to Angiotensin II………………………29
3. METHODS…………………………..……….………………………………….32
Animals……………………………………………………………………….32
Voluntary Wheel Running……………………………………………………33
Osmotic Pump Implantation………………………………………………….35
Blood Pressure Measurement………………………………………………...35
In Vivo Structure and Function Measurement……………………………….35
Heart Tissue Collection………………………………………………………36
Heart Weight to Body Weight Ratio (HW:BW), Myocardial Fibrosis, and
Myocyte Surface Area………..…………………………………………….....36
Immunoblotting………….…………………………………………………...37
mRNA isolation, cDNA synthesis, and qPCR……………………………….38
Statistical Analysis…………………………………………………………...38

VIII

4. RESULTS………………………………………………………………………..40
Animal Characteristics………………………………….…………………….40
Exercise Training Mitigated LV Systolic Function…….…………………….44
Neither Ang II Infusion or Exercise Training Changed Myocyte CSA……....48
Cardiac Fibrosis was Significantly Elevated in Angiotensin II Infused
Mice…………………………………………………………………….……..51
DRP1 mRNA Expression was Significantly Reduced in Ex and ExAII
Mice…………………………………………………………….……………..52
LC3II/I Protein Expression was Significantly Raised in SAII but not ExAII
Mice…………………………………………………………….…………….55
5. DISCUSSION…………………………………………………………………....57
Exercise and Ang II Infusion Significantly Raised Heart Weight, HW:BW,
but Reduced Body Weight……………………………………………………………………57
Exercise and Ang II Infusion Induced a “Double-Hypertrophy” Effect in
ExAII Mice and Mitigated a Significant Reduction in Pre-Post Changes in
Ejection Fraction…………………………………………………………………………………58
Ang II Infusion Significantly Elevated Myocardial Fibrosis in AII
Mice………………………………………………………………………………..……………….….59

Ang II Infusion Significantly Elevated LC3II/I Protein Expression in SAII
but not ExAII Mice……………………………………………………………………………....59
6. REFERENCES CITED………………………………………………………….62

IX

LIST OF FIGURES

FIGURE

PAGE

1. Autophagy Diagram………………………………………………………….23
2. Mitophagy Diagram………...………………………………………………..24
3. Schematic Overview of Experimental Design………………. …………..….33
4. Image of Exercise Cage……….……………………………………………..34
5. Body Weight Over Time……..……………………………………………...41
6. Frequency of Running Distance…………...………………………………...42
7. Average Running Distance and Speed Per Day for Weeks 0 Through 7…....43
8. Heart Weight and Heart Weight to Body Weight………………… ………...44
9. Ejection Fraction and Fractional Shortening…………………... …………...46
10. Telemetric Assessment of Blood Pressure………………. ……………..…..47
11. Myocyte Surface Area………..…………..………………………………….48
12. Cardiac Fibrosis……..……………………………………………………….50
13. mRNA Expression of Autophagy Markers……………..……………………53
14. Protein Expression of Autophagy Markers……………….. ………………..55

X

LIST OF TABLES
TABLE

PAGE

1. Primer Sequences……..…………………………………………………38
2. Body Weight…..………………………………………………………....40
3. Animal Characteristics………… ………………………………………..44
4. Cardiovascular Phenotype………….. …………………………………..45

XI

LIST OF ABBREVIATIONS
Ang II

Angiotensin II

ATG5

Autophagy Protein 5

AT1R

Ang II Type 1 Receptor

AT2R

Ang II Type 2 Receptor

ATP

Adenosine Triphosphate

BSA

Bovine Serum Albumin

CVD

Cardiovascular Disease

DRP1

Dynamin-Related Protein 1

ExAII

Exercise + Angiotensin II infusion group

ECM

Extracellular Matrix

EF

Ejection Fraction

ERK

Extracellular signal-regulated kinase

Ex

Exercise + Sham group

FS

Fractional Shortening

HIIT

High Intensity Interval Training

HRP

Horse Radish Peroxidase

HW

Heart Weight

HW:BW

Heart Weight: Body Weight ratio

If

“Funny” Channel – Pacemaker Current

IGF-1

Insulin Like Growth Factor – 1

IGF-1R

Insulin Like Growth Factor – 1 Receptor

LV

Left Ventricular/Left Ventricle

XII

LVAWd

Left Ventricular Anterior Wall Thickness in Diastole

LVAWs

Left Ventricular Anterior Wall Thickness in Systole

LVDd

Left Ventricular Diameter in Diastole

LVDs

Left Ventricular Diameter in Systole

LVPWd

Left Ventricular Posterior Wall Thickness in Diastole

LVPWs

Left Ventricular Posterior Wall Thickness in Systole

MAP

Mean Arterial Pressure

Mfn1/2

Mitofusin 1 and 2

mTOR

Mammalian Target of Rapamycin

NADPH

Nicotinamide-adenine dinucleotide phosphate

NFDM

Non-fat Dry Milk

NF-κB

Nuclear Factor kappa B

OMM

Outer Mitochondrial Membrane

OPA1

Optic Atrophy 1

PI3K

Phospho-inositide 3-Kinase

PBS

Phosphate Buffered Saline

PE

Phosphatidylethanolamine

RAAS

Renin-Angiotensin-Aldosterone System

ROS

Reactive Oxygen Species

SAII

Sedentary + Angiotensin II infusion group

SOD1/2

Superoxide Dismutase 1 and 2

Sed

Sedentary + Sham group

UTR

Untranslated Region

XIII

CHAPTER 1
INTRODUCTION

Introduction
Hypertension is a key risk factor in the progression and development of
cardiovascular disease, affecting approximately 1 billion people worldwide, and of these,
complications of hypertension account for ~9.4 million deaths every year1. Approximately
1 in 3 adults in the United States are afflicted with hypertension, and the economic burden
is staggering, with total direct medical costs of hypertension projected to increase from
69.9 billion USD in 2010 to 200.3 billion USD in 20302,3. In chronic hypertension, the
pathological cardiac hypertrophy often leads to adverse cardiovascular events.
With the rise in the prevalence of hypertension and its associated medical costs,
non-pharmacological interventions are being utilized for their preventive and therapeutic
means. They have emerged as important avenues to decrease morbidity and mortality
associated with hypertension. The World Health Organization and other studies indicate
physical activity as an important component of the anti-hypertensive behavioral therapy46

.
While both exercise and angiotensin II (Ang II) have been linked to cardiac

hypertrophy, the remodeling that occurs in response to exercise is physiologic and
generally non-pathologic and lacks fibrosis. Under elevated Ang II conditions, such as
those seen in hypertension, the heart undergoes pathological remodeling. The pathological
remodeling is generally non-reversible and results in increased myocyte hypertrophy,
fibrosis, the progression of heart failure and eventual mortality. While anti-hypertensive
drugs can attenuate increases in blood pressure, they do not directly reverse pathological
remodeling, as they target the primary insult7.
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Ang II is a peptide that plays a central role in the development of hypertension via
the renin-angiotensin-aldosterone system (RAAS)8,9. The heart contains a local RAAS
system which is activated in response to hemodynamic stress10. The original components
of the RAAS system include angiotensin converting enzyme (ACE), Ang II, and the
angiotensin type 1 receptor (AT1R). Several new RAAS components have been discovered
involving ACE2, Angiotensin (1-7)-Mas receptor axis, which are promising therapeutic
targets counteracting the original pathway8,11. The renin signaling cascade, through a series
of enzymatic reactions, results in activating angiotensin or Ang II. Ang II causes
vasoconstriction of the arterioles, increasing total peripheral resistance and venous return
to the heart, which results in raising blood pressure.
The main role of the RAAS system is in the maintenance of blood pressure through
regulation of the levels of the aspartyl protease, renin. Renin catalyzes the cleavage of
angiotensinogen to angiotensin I (Ang I), which is targeted by ACE-1. ACE-1 is
responsible for the conversion of Ang I to Ang II12. In normotensive conditions, a decrease
in blood pressure stimulates secretion of renin, activating the downstream signaling
cascade, resulting in increased levels of Ang II and elevated blood pressure. During periods
of aberrant hemodynamic stress, Ang II is elevated resulting in the activation of the AT1R.
Subsequently, pathological cardiac hypertrophy occurs through the activation of various
signaling pathways such as mitogen-activated protein kinases (MAPKs), increased
intracellular Ca2+, protein kinase C (PKC), and through the transactivation of epidermal
growth factor (EGFR)13-18. Downstream activation of these signaling pathways activates
transcription factors which regulate hypertrophic gene expression, while the potential
downstream target of PKC can result in induction of related genes via extracellular signal-
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regulated kinases (ERK) 1/29. Additionally, Ang II increases the production of
mitochondrial reactive oxygen species (ROS) that contributes to damaged mitochondria19,
resulting in myocardial hypertrophy. This damage has been associated with increasing
numbers of autophagosomes20. A recent study by Liu et al. (2015) reported that infusion of
Ang II (dose of 1.2mg/kg/day) resulted in a significant increase of LC3II (an indicator of
autophagosome formation) protein expression in mice. This was accompanied by
significant increases in left ventricular posterior wall thickness in diastole (LVPWd),
linking the autophagy process with pathological cardiac hypertrophy21.
Long-term elevation of blood pressure, as seen in hypertension, can inflict longterm damage to the myocardium22. This can lead to increased left ventricular wall
thickness, decreased systolic function7,9,23-25, concentric hypertrophy, and cardiac fibrosis9.
Aerobic exercise has been extensively studied as a non-pharmacological treatment to
reduce blood pressure in hypertensive individuals through a reduction in basal
catecholamine levels, decreased resting heart rate, and improved vascular endothelial
function26-28.
Recently, the process of autophagy, which is a cellular degradation pathway that
recycles or removes damaged proteins or organelles9,29, has been shown to be up-regulated
in pathological hypertrophy30. It plays an essential role in maintaining homeostasis in the
cardiac tissue29. Autophagy is a complicated process, as it can act in a pro-survival or proapoptotic manner31. Autophagy is linked with the ubiquitin-proteasome system (UPS) for
protein quality control. It also facilitates the clearance of damaged mitochondria in the
myocardium, all of which demonstrate autophagy’s pro-survival mechanisms. Recently,
literature has linked autophagy to play an important role in cardiac hypertrophy in response
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to pathological stimuli. Currently, the effect of exercise and the effect of Ang II on the
myocardium are well documented, although the underlying mechanisms through which
autophagy may play a role in this are unknown. Acute exercise has been shown to alter the
expression of autophagic proteins and autophagic flux32-35. There is limited data showing
alterations in autophagy during chronic exercise training33,36. A recent study by McMillan
et al. (2015) showed a significant reduction in the ratio of LC3II:LC3I, and a significant
increase in p62 protein levels in spontaneously hypertensive rats (SHR) indicating a
reduced autophagic signaling37. This study showed no effect of the combination of exercise
and SHR on Beclin1, LC3I, LC3II, and p62 protein expression. This result was in
disagreement with previous literature showing increased autophagic protein expression in
the left ventricle34. Thus, it remains unclear whether exercise preconditioning is a sufficient
stimulus to target autophagy for therapeutic benefits in Ang II-induced hypertensive mice.

Central Hypothesis: Voluntary running exercises preconditioning will improve the
regulatory mechanism of autophagy in the heart and protect against cardiac dysfunction in
angiotensin II-induced hypertensive mice.

5

1.2 Specific Aims

Aim 1. Investigate the effect of voluntary running exercise preconditioning on angiotensin
II-induced left ventricular systolic dysfunction.
Mice were divided into 4 groups, sedentary sham (Sed), sedentary angiotensin II (SAII),
exercise sham (Ex), and exercise angiotensin II (ExAII). Mice in exercise groups had
access to an exercise wheel ad libitum for 7 weeks. For the last 2 weeks, Ang II infusion
was carried out by osmotic mini-pump implantation at a constant rate of 1 mg/kg/day.

Hypothesis 1. Ang II will induce cardiac hypertrophy, increase myocardial thickness, and
decrease systolic function.
Hypothesis 1.1. Exercise preconditioning will preserve LV systolic function with Ang II
infusion.

Aim 2. Investigate the effect of voluntary running exercise preconditioning on cardiac
autophagy in angiotensin II-induced hypertension.

Hypothesis 2. Exercise preconditioning will decrease key autophagy markers in response
to chronic Ang II-infusion.

6

CHAPTER 2
REVIEW OF LITERATURE
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2. Review of Literature
Hypertension
The World Health Organization’s Global Brief on Hypertension (2013), describes
hypertension as a condition in which elevated or raised blood pressure persistently applies
to the blood vessels. The increased pressure in the vasculature requires the heart to work
harder to pump blood against the resistance. Hypertension, when uncontrolled, can
progress to myocardial hypertrophy and eventual heart failure. Aneurysms may also
develop as a result of high blood pressure, as well as kidney failure, blindness, cognitive
impairment, and stroke1.
Hypertension is a major risk factor for cardiovascular disease and leads to ~9.4
million deaths every year1. Hypertension is considered “silent killer”, with people not being
aware that they have it. One of the major consequences of hypertension, a pressureoverload system, is left ventricular hypertrophy38,39.
Studies in human and animal models specifically target the renin-angiotensin
system (RAAS) system to reduce cardiac hypertrophy and maintain cardiac function. These
studies attempt to reverse or attenuate cardiac hypertrophy or induce positive remodeling
back to their pre-disease states, independent of changes in blood pressure.

Animal Models in Hypertension
Hypertension is a major risk factor for cardiovascular disease and as such has
become a major public health focus. The development of animal models to mimic human
hypertension is essential to our ability to further understand the etiology and mechanisms
of this disease in order to develop pharmacological treatments and/or therapeutic
8

interventions. The use of murine models has become prevalent primarily due to their
shorter life span, small size, and the lower cost of housing and caring for the animals. Due
to the many pathways involved in hypertension, there are different types of models to study
this condition; therefore there is no one ideal model40.

C57BL6/J Mice and Selecting an Exercise Training Protocol
Previously, studies in mice or rats rely on continuous treadmill running, high
intensity interval training (HIIT), or swim training. While treadmill running has
traditionally been utilized to give the researcher maximal control over the exercise
protocol, voluntary wheel running has emerged as a valid protocol for exercise training for
inducing physiological cardiac hypertrophy comparable to that induced by treadmill
running or swim training41.
The high variability of exercise protocols in treadmill running has shown limited
induction of cardiac hypertrophy, and the changes were seen in either change in ventricular
mass or cardiomyocyte dimensions. Treadmill running is also labor intensive, requires
technical skill and specialized equipment. Furthermore, the difficulty motivating animals
for prolonged exercise which may potentially create physiological or psychological stress
from forced running41. Murine animals are primarily active nocturnally, thus voluntary
wheel running allows activity without disrupting their normal diurnal rhythm42.
Voluntary exercise is a “locomotor activity that is not directly required for survival
or homeostasis and not directly motivated by any external factor43”. As such, voluntary
wheel running is proposed to be a comparable model of voluntary exercise44-46. Voluntary
wheel running allows animals to be active in their “home space”, a non-stressful
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environment, and requires minimal technical equipment or training from the researcher. It
also allows the animals to exercise when, and at what intensity they choose. Due to the
voluntary activity, researchers do not need to be present, except to document the values.
The devices created to monitor cage wheel activity are also relatively inexpensive.
Although voluntary wheel running offers less control over the volume or resistance of the
exercise, previous literature has established that voluntary wheel running is a significant
stimulus to induce physiological hypertrophy41. Unlike rats, there is a significant difference
in voluntary wheel exercise training among strains of mice, despite their genetic
similarities47. A comparative analysis in 2002 by Lerman at al. showed the greatest
voluntary wheel performance in C57BL6/J mice as well as Swiss Webster (SW) mice,
establishing them initially as an optimal choice for voluntary exercise protocols.

Effect of Exercise on Hypertension
Exercise and physical activity have been emphasized in the current treatment
guidelines for hypertension48. Currently, the American Heart Association’s statement on
alternative approaches to lowering blood pressure states that aerobic exercise training has
the potential to lower blood pressure49. Large-scale human based trials have found
correlations between physical activity and all cause/cardiovascular (CV) mortality; 15
minutes of exercise per day leads to a 14% reduction in mortality, with 4% reductions
added for each additional 15 minutes50,51. Chronic aerobic exercise training has many
physiological benefits such as decreased resting heart rate, decreased blood pressure, and
increased parasympathetic tone7,51,52. If blood pressure is chronically increased, it has been
linked to an increase in left ventricular hypertrophy and concentric hypertrophy7,9.
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Aerobic exercise training has been consistently utilized as one of the most effective
non-pharmacological interventions in the prevention and treatment of hypertension7, and
has been prescribed in the prevention, management, and rehabilitation of cardiovascular
diseases that are characterized by cardiac hypertrophy, including hypertension53. However,
there is a lack of uniformity among aerobic exercise training in hypertensive patients that
has created mixed evidence regarding the effects of aerobic exercise training protocols on
left ventricular mass. Studies have reported no change in ventricular mass54,55, decreases in
ventricular mass56,57, or increases in left ventricular mass58,59. Increased levels of multiple
hormones and enzymes involved in the signaling pathways, such as angiotensinogen, ACE,
and Ang II60. Many of the mechanisms involved in the hypertensive benefits of exercise
are multi-faceted, with optimal doses of exercise being dependent upon independent risk
factors of hypertension. Therefore, it isn’t surprising that there is mixed evidence regarding
the effects of chronic aerobic exercise training on the heart7.
There have been numerous studies demonstrating the benefits of exercise on treating
hypertension, both acutely and chronically. Reductions in both systolic and diastolic blood
pressures as much as 5-7mmHg have been reported in those with hypertension4,5,7. Longterm aerobic exercise training has a sustained effect, known as the chronic exercise training
response61, and is thought to be due to the attenuation in peripheral vascular resistance62, as
well as changes in oxidative stress, inflammation, endothelial function, arterial compliance,
body mass, RAAS activity, parasympathetic activity, renal function, and insulin
sensitivity4.
The anti-hypertensive response to exercise, similar to the response of myocardial
thickness, is also highly variable. This can be attributed to variability or differences in
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exercise training regimens, environmental factors, and genetic factors. This is documented
in a review in 2013 by Ash et al. where data was compiled examining the genetic variability
of participants and their respective responses to aerobic exercise training, reporting
difficulties with candidate gene association studies analyzing blood pressure response to
exercise training and a lack of replication63.

Contractility and Cardiac Hypertrophy
Funny Channels
Spontaneous depolarization is a fundamental characteristic of heart tissue. It has
been well established that the sinoatrial node (SA) is the pacemaker of the heart and that
the cells in this region are responsible for the spontaneous depolarization of the tissue.
These cells maintain the ability to self-propagate repetitive action potentials, which then
spread from the atria through the atrioventricular (AV) node, the AV Bundle, the right and
left bundle branches terminating at the Purkinje fibers as the action potential spreads
throughout the ventricles. “Funny” (If) channels play a major role in cardiac pacemaking
and regulation of SA cells. These specialized cells contain an action potential in the phase
4 diastolic (pacemaker) depolarization. This phase is characterized by a change in
membrane potential. There is a slow rise in membrane potential towards the membrane
threshold, resulting in the triggering of a new action potential. Through hyperpolarization,
there is a greater If current, which could generate spontaneous activity and be altered by
catecholamines7,23,24,64. An inward flow of calcium ions (Ica), which is activated near the end
of phase 4, is responsible for quickening the diastolic depolarization. This results in the
rise of the action potential. These two inward currents are opposed by an efflux of
12

potassium ions through the outward Ik current. This efflux of ions will result in the
repolarization the cell after the action potential.

Physiological Cardiac Hypertrophy
Cardiac hypertrophy is generally defined as an enlargement of the heart muscle, and is
categorized as either physiological or pathological hypertrophy65. Physiological cardiac
hypertrophy is a response of the heart to overload, which is occurring due to increased wall
stress7,9,24,65, and is beneficial and compensatory25 in order to maintain cardiac output.
However, while physiological hypertrophy is beneficial and reversible, pathological
hypertrophy, such as pressure-overload induced hypertrophy is often marked by
dysfunction within cardiac function9. Physiological and pathological hypertrophy will both
cause cardiac hypertrophy, however there are distinct molecular mechanisms responsible
for the differences between the two. There have been a substantial number of studies
performed in order to elucidate the distinct signaling pathways underlying both
pathological and physiological hypertrophy23.

Pathological Cardiac Hypertrophy
Pathological hypertrophy is an enlargement of the heart to augment cardiac pump
function and decrease ventricular wall tension. This mechanism is initially compensatory,
but ultimately leads to the progression and development of pathological disease.
Pathological cardiac hypertrophy is the strongest predictor for the development of heart
failure, arrhythmia, and sudden death7,23,24,66. The different types of cardiac hypertrophy can
be classified based upon their morphology (concentric or eccentric), or their function
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(compensated or decompensated)9,24. Studies have shown that pathological hypertrophy is
typically associated with a loss of cardiac myocytes, fibrosis, cardiac dysfunction, and an
increased risk of heart failure and sudden death9.
Upon exposure to hemodynamic overload, the myocytes are exposed to mechanical
stretch, as well as autocrine and paracrine factors such as angiotensin II or endothelin-I9,
which binds to a G-protein coupled receptor (GPCR), such as the AT1R receptor. The
activation of Gaq/11 causes a downstream signaling cascade that could involve pathways
such as phospholipase C, mitogen activated protein kinases (MAPKs), PKC, and PKA67,68.
Early studies by D’Angelo et al. in 1997 and Mende et al. in 1998 in transgenic mice
showed cardiac specific over-expression of Gaq/11 was associated with development of
cardiac hypertrophy, dysfunction, and premature death69.

Exercise and Physiological Cardiac Hypertrophy
Protection from cardiovascular disease and hypertension can be gained through a
consistent lifestyle of physical activity70, however beginning at any stage of life can yield
significant cardiovascular health benefits71,72. Exercise drives cardiomyocyte hypertrophy,
most notably through the IGF-1 pathway73,74.
Physiological cardiac hypertrophy induces adaptive changes to improve greater
cardiac output and increased aerobic capacity. This physiological adaptation occurs in
response to an increased workload being met with a hypertrophic response that does not
negatively impact contractile function75,76. This phenotype has normal cardiac structure,
cell hypertrophy77-79, no cell death or fibrosis76,80,81, activation of cardiac stem cells and
cardiomyocyte renewal76,82,83, as well as angiogenesis81,84. Aerobic exercise, such as
14

endurance running, increases venous return which results in volume overload and eccentric
hypertrophy9,24 with sarcomeres added in series increasing myocyte length24,85,86. This
phenotypic alteration results in proportional increases to septal and ventricular wall
thickness compared to internal chamber diameter51.
A majority of the studies of physiological cardiac remodeling on the heart are done
on endurance athletes. The maintenance of this physiological hypertrophy is dependent on
regular intermittent bouts of exercise87, as well as increases in exercise capacity, oxygen
consumption, and decreased serum lactate levels88. Hearts from trained athletes also show
increases in ventricular chamber volumes, weight, and show increases in cardiac function
and contractile function89; having occurred as quickly as 6 days of training with a full two
hours per day. The athletes were training at 65% of their VO2 max doing cycling exercise.
In 2004, Kemi et al. used rats to study a HIIT model of exercise training where rats were
subjected to either two, four, eight, or thirteen weeks of HIIT treadmill running followed
by two or four weeks of detraining. In this study Kemi et al. found that increases in
cardiomyocyte length, diastolic relaxation, and calcium decay as the primary reason for
this training increase in VO2 max90. Importantly, this study was followed up in 2005 by
Kemi et al. where these training related cardiac adaptations were dependent on training
intensity (moderate vs. high)90. This study used relative exercise intensity that was
equivalent to a brisk walk or light jog for moderate intensity at 65-70% of VO2 max, and
strenuous running for high intensity at 85-90% of VO2 max. While both groups saw
increases in cardiomyocyte hypertrophy, function, and calcium sensitivity. These
cardiovascular adaptions were intensity driven although endothelial function appeared to
be unchanged between the two groups91-95.
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Intracellular Signal Transduction Mechanisms in Cardiac Tissue
It is well established that physiological cardiac hypertrophy is mediated primarily
through insulin like growth factor-1 (IGF-1) signaling in response to exercise training96.
IGF-1 is well characterized for its role in normal fetal and postnatal growth97,98 it is also
produced in the heart99. The effects of IGF-1 in the heart are mediated primarily through
the insulin like growth factor 1 receptor (IGF-1R). Numerous studies have been conducted
to elucidate the role of IGF in heart to understand the underlying mechanisms. In 1996,
Reiss et al. observed that mice with cardiac specific expression of IGF had enlarged hearts
and maintained normal cardiac function. However, this led to an increased release of IGF1 from the cardiac myocytes causing an increase in other organ weights. Importantly, this
study also attributed this increase in heart size to an increase in myocyte number. This was
a new finding as originally the heart had been thought to be post-mitotic100. In a 1999 study
by Delaughter101, they generated a SIS2 (a-skeletal actin promoter, 3’UTR) transgenic
mouse model and measured the ability of SIS2 transgene to be able to develop cardiac
hypertrophy. By week 10, cardiac mass was significantly increased in transgenic mice.
This increase was initially beneficial improving systolic function, however, by week 52
was significantly reduced when compared to controls. The study showed that chronic IGF1 exposure may have detrimental consequences by 12 months of age. In 2004, McMullen
et al. overexpressed IGF-1R in cardiac myocytes. Based on the previous studies mentioned,
this was an important transition as there would be no effect of IGF-1 on non-myocytes or
other tissues102. These mice had enlarged hearts with proportional increases in chamber size
and ventricular wall thickness, increased myocyte size, and improved systolic function.
Importantly, as these mice aged there was no pathological onset between 12-16 months,
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contrasting the study from Delaughter et al. in 1999. In 2008, Kim et al. showed the cardiac
specific ablation of IGF-1R attenuated the hypertrophic response to swim exercise training
when compared to non-transgenic mice8,103.

Angiotensin II
Ang II is an octopeptide hormone and the central component of the reninangiotensin system (RAAS), which plays a central role in the regulation of vascular tone
and blood pressure104. Ang II can also affect cell growth, senescence, apoptosis, migration,
and extracellular matrix (ECM) deposition40,41,105. Ang II infusion is used frequently in
animal models to induce hypertension in rodents103. The effects of Ang II effects are
primarily mediated through two separate GPCRs, the AT1R receptor and the AT2R
receptor103,106. These receptors play different roles in mediating the effects of Ang II; the
AT1R receptor is primarily involved with heterotrimeric G-proteins that result in multiple
signaling pathways underlying vasoconstriction, proliferation, sodium retention, and
oxidative stress103,107. Conversely, AT2R is not as clearly elucidated. The literature suggests
that it may play a more protective role in the heart, by counteracting the AT1R by inhibiting
growth and proliferation, reducing tissue remodeling, and increasing vasodilation and nitric
oxide (NO) production108.
A study in 2010 by Van Esch et al. sought to quantify the contribution of the Ang
II (AT1aR;AT2R) receptors as well as a second AT11R receptor in rodents AT1R receptor B
(AT1bR)107. In this study, Van Esch et al. generated 3 separate mouse lines that were
deficient in one, two, or all three Ang II receptors. The deletion of AT2R receptors caused
a baseline increase of mean arterial pressure (MAP), whereas mice lacking AT1aR receptors
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were hypotensive and decreased heart weight to body weight (HW:BW) ratios107. More
importantly, mice deficient in the AT1aR impaired the in vivo pressor response to Ang II,
and although there was no compounding effect with the additional deletion of AT1bR and
AT2R, Ang II failed to alter MAP in mice lacking all three Ang II receptors, indicating that
the mediation of the pressor effects of Ang II is through these receptors8.

Angiotensin II Effects on Cardiac Tissue
As previously mentioned, Ang II is central to the RAAS system and can be one of
the most important factors in the development of pathogenic hypertension109. It induces a
small pathological hypertrophic remodeling through extra-cellular regulated kinase (ERK)
activation in adult ventricular myocytes66 and increased levels of Ang II bind to G-protein
coupled receptors (GPCRs) which begin a signaling cascade110 through the stimulation of
the AT1R. This results in vasoconstriction in the peripheral vasculature7,9,38,111 and can lead
to pressure-overload induced pathological hypertrophy of the heart112,113. This is due to the
hearts compensatory mechanism to overcome the increased resistance in the vasculature.
Mediated primarily through the AT1R receptor in the heart, Ang II induces ROS generation
in the cytoplasm and mitochondria of cardiomyocytes112.
Preconditioning, or controlled ROS, is capable of inducing an adaptive response
that provides the heart with resistance to stress conditions. In a study by Kimura et al. in
2005, preconditioning with a sub pressor dose of Ang II (200ng/kg/minute for 10 minutes)
was able to protect the heart against cardiac ischemia/reperfusion injury. As discussed
earlier, the negative effects of Ang II are primarily mediated through the AT1R receptor,
whose expression is redox dependent, and overproduction of ROS may result in increased
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oxidative stress through AT1R mediated pathways114. Mitochondria themselves are major
sources of ROS, and the stimulation by Ang II is accompanied by uncoupling and decreases
in ATP synthesis115.

Autophagy
Autophagy is a cellular degradative pathway involving the delivery of cytoplasmic
cargo to the lysosome115,116 and can be divided into three different types, chaperonemediated autophagy, microautophagy, and macroautophagy116.

Microautophagy and

chaperone-mediated autophagy are subtypes of macroautophagy and involve the direct
assimilation of cargo into lysosomes by invagination of the membrane without the
intermediacy of autophagosomes and the use of molecular chaperones, respectively115,117119

. Autophagy is a process in which proteins, lipids, and organelles are degraded in

lysosomes120. The process known as macroautophagy is the process in which double
membrane vesicles, known as autophagosomes engulf cytoplasm, protein aggregates, and
organelles and deliver them to lysosomes121,122. The process of autophagy can be divided
into four parts, initiation/nucleation or activation, elongation, maturation or engulfment,
and the development of the autophagolysosome122, and is regulated through both intra- and
extracellularly123. Autophagy can be induced through many different mechanisms,
including starvation, inhibition of mammalian target of rapamycin (mTOR), oxidative
stress, and failure of the ubiquitin-proteasome system (UPS)124.
Autophagy plays a dual role as this basal level of autophagy is required for quality
control of proteins and organelles and maintain cell function, thus acting as a cell-

19

protective mechanism125. Autophagy is a critical process in the maintenance of cellular
homeostasis126 and dysregulation of autophagy can contribute to dysfunction of the heart122.
A previous study by Leon et al. in 2015 showed that mTOR plays a critical role as the
central regulator of autophagy127, and a study by Sancak et al. in 2007 showed that
overexpressing Akt has been shown to negatively regulate mTORC1 activity128.
Specifically when overexpressed in cardiomyocytes inhibits pathological remodeling and
will protect against pathological remodeling preserving cardiac function during pressure
overload129,130.
One of the conjugation systems that mediate the expansion of the membrane is
microtubule-associated protein 1 light chain 3 (LC3)131. During autophagy, LC3, a
mammalian homolog of yeast ATG8, localizes to the autophagic membrane (as LC3I), and
is conjugated to phosphatidylethanolamine (PE) to become LC3II. The LC3 conversion
(LC3I à LC3II) and the lysosomal degradation of LC3II reflect levels of autophagy
occurring in the tissue131. LC3 is the only ATG-encoded protein that is able to localize to
all membranes in the autophagic process, including the phagophore, autophagosome, and
autolysosome131.
A study using transverse aortic constriction (TAC), a pressure overload model,
showed that autophagy was suppressed in hearts after 1 week, however by week 4 it was
upregulated in the failing hearts through changes in LC3II expression124.
In order to recruit the autophagosome, special proteins known as adaptor proteins
bind to ubiquitinated proteins on cargo and to LC3 on the autophagosome. One of the most
studied adaptor proteins is a substrate of selective autophagy, known as sequestosome
1/SQSTM1 (p62). It is ubiquitously expressed and directly interacts with LC3 on the
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isolation membrane132. P62 binds directly to LC3 through an LC3 interaction region and
may serve as a mechanism through which cargo is marked for degradation through
autophagy131. The inhibition of autophagy leads to an accumulation of p62, and the protein
itself is degraded through the autophagy process and serves as a marker to study autophagic
flux124,133-135. This rapid accumulation of p62 in autophagy deficient cells confirms that it is
selectively recognized and then degraded in the autophagy process136. A study by
Rodriguez et al. in 2006 identified p62 as being important for maintaining cardiac
homeostasis, showing that p62-deficient mice have enlarged tissues, including a 2.5 fold
increase in heart weight137.
Beclin-1 is an orthologue of Atg6/vacuolar protein sorting (Vps)-30 protein in
yeast, and has been linked to playing a critical role in the formation of the autophagosome
through its interaction with phosphoinositide 3-kinase (PI3K)120. Beclin-1 forms a complex
with PI3K, which promotes the extension of the lipid membrane, recruitment of cargo for
autophagy, as well as autophagosome maturation138. Bcl-2 family proteins negatively
regulate autophagosome formation by promoting the dissociation of Beclin-1 and Vps34139.
The phosphorylation of 3 specific amino acids of Bcl-2 (Thr69, Ser70, Ser87), promotes the
dissociation of Beclin-1 from Bcl-2, inducing autophagy32. A study by He et al. in 2012,
utilized a knock-in model in which three amino acids were replaced with alanine to create
Bcl-2AAA mice, where these sites are unable to be phosphorylated by upstream kinases in
the presence of starvation or exercise stimuli. This resulted in a decrease in acute exerciseinduced autophagy, demonstrating that the importance of phosphorylation at these sites for
induction of autophagy in exercise118. These mice also were fed a high fat diet, and Beclin1 mediated autophagy was involved in the regulation of insulin signaling mechanisms. In
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a study by Juhasz et al. in 2008 using Vps34 conditional KO mice led to heart failure, and
measurements through echocardiography showed increases in ventricular wall thickness
and heart mass increased, while cardiac contractility, ejection fraction, and fractional
shortening were decreased140.
In recent years, the focus of autophagy in the myocardium has become an important
focus of research to further understand the mechanisms through which autophagy plays a
role. The ability to alter autophagy pathways has shown the critical role that autophagy
plays in the maintenance of cardiovascular health and provides a promising therapeutic
target to combat disease121.

Fig 1. Induction of Autophagy. Beclin-1 induces autophagy through the formation of a
complex with VPS34-VPS15. Elongation of the membrane requires the conjugation of
LC3I with phosphatidylethanolamine (PE) to form LC3II. After the membrane is
mature, it fuses and docks with the lysosome to degrade the sequestered cargo.
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Mitophagy
Mitochondrial organelle specific autophagy is a process called mitophagy, in which
the entire organelle is engulfed by an autophagosome and subsequently delivered to the
lysosome for degradation129,141. The mitochondria are complex organelles that are critical
for the cardiomyocyte to function. Due to their highly aerobic nature, cardiac myocytes
require high levels of ATP. They are densely packed with mitochondria, which provide
ATP through oxidative phosphorylation. As a result of proton pumping at complex I and
complex III, there is a byproduct of reactive oxygen species (ROS). PINK1 and Parkin
have recently been linked to the regulation of mitophagy142. During mitophagy, the loss of
mitochondrial membrane potential results in accumulation of PINK1 on the outer
mitochondrial membrane (OMM), causing a recruitment of Parkin to be recruited. Parkin
then ubiquitinates OMM proteins, which signals for autophagic degradation. This results
in adaptor protein p62 binding to the ubiquitinated proteins on the OMM and recruiting
LC3 and the autophagic membrane for degradation122.
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Fig 2. Mechanisms of Mitophagy. In response to a stressor, mitochondrial fission protein
Drp1 divides the unhealthy mitochondria. The unhealthy mitochondria have a decrease in
membrane potential and undergo mitophagy through Parkin-mediated mitophagy, or LC3
directly recognizes BNIP3 on the mitochondria membrane.

Mitochondrial Dynamics
Mitochondrial dynamics refers to the repetitive cycles of fusion and fission that
occurs between mitochondria143-146 and the subcellular localization147. Mitochondria are
essential sources of energy in cells, which also makes them large sources of reactive
oxygen species (ROS). The morphology of the mitochondria is dependent upon the balance
between the fusion and fission processes. Three of the primary fusion proteins, mitofusin
1 and 2 (Mfn 1 and Mfn2, respectively) and optic atrophy 1 (Opa1), are involved in
regulating mitochondrial fusion on the outer and inner membranes. Mitochondrial fission
factor (Mff), mitochondrial dynamics protein of 45 kDa (MiD 45) and 51 kDa (MiD 51)
and fission 1 (Fis1) are fission proteins, which are localized on the outer membrane, and
are responsible for the recruitment Dynamin related protein 1 (Drp1) from the cytosol142.
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Previous literature has established that cardiac-specific KOs of Mfn1 in the heart
had fragmented mitochondria148, and cardiac-specific Mfn2 KO mice exhibited enlarged
mitochondria in the heart149,150. This suggests that Mfn1 and Mfn2 have separate but distinct
roles in regulating mitochondrial fusion in the heart142. Drp1 is abundantly expressed in the
heart and primarily exists in the cytosol. During fission, it translocates from the cytosol to
the mitochondria, and leads to the severing of the mitochondrial membrane142.
BNIP3 is a pro-apopotic protein localized the to the OMM inside the cell. It is
linked to cell death as well is inducing mitochondrial dysfunction141. BNIP3 is also able to
bind directly to LC3 on the autophagosome151, preceding mitophagy. It has also been
reported that Parkin-deficient myocytes reduced BNIP-3 mediated autophagy152. Mice
lacking BNIP3 and Nix also have a greater propensity to develop cardiac hypertrophy and
mitochondria dysfunction when compared to single knockout mice141.

Autophagy in Cardiac Hypertrophy
During the initial stages of cardiac hypertrophy, the remodeling that occurs is
compensatory, increasing the thickness of the myocardium to overcome the peripheral
resistance in the vasculature, as well as the alterations to growth factors and
neurohormones. Previous studies by Nakai et al. and Smuder et al. show that basal levels
of autophagy are required for normal cardiac function, and that deletion of specific
autophagy genes (such as ATG5), can result in significant functional deficits to the cardiac
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tissue119,124. A majority of studies have also reported that enhancing autophagy in the
myocardium is shown to be cardioprotective, however, there is literature to support that
chronic autophagy can lead to degradation that will induce cell death121. These modulations
in autophagy have been linked to many heart related diseases such as cardiomyopathies,
cardiac hypertrophy, heart failure, and ischemia-reperfusion injury115,116.
The autophagy-lysosome system is also linked to ubiquitin-proteasome system to
aid in the maintenance of protein quality control, and the clearance of damaged
mitochondria accumulated in hypertrophic hearts31. A study by Bloemberg et al. 2013
analyzed 20 week old SHR animals for markers of autophagy in the left ventricle. SHR
rats showed significant rise in the protein expression of LC3I and p62 mRNA, this decrease
in autophagic activity due to the significantly elevated levels of p62 suggests that SHR has
a blunted autophagic response in the cardiac muscle. As well, the lack of LC3II formation
suggests impaired autophagosome production, as opposed to autophagosome
accumulation. This study by Bloemberg et al. suggests that SHR animals may possess
lower levels of autophagy in the heart, although the contribution to hypertrophy remains to
be elucidated153. A previous study by Zhu et al. 2007, utilizing thoracic aortic banding
(TAB), a model of pressure-overload, as well beclin-1 transgenic mice to study the role of
autophagy. Importantly, this study showed that hemodynamic stress was able to induce an
autophagic response in cardiomyocytes, and that beclin-1 plays an integral role, as beclin1 haplo-deficient mice were severely diminished in load-induced autophagy and
pathological induced remodeling whereas beclin-1 overexpression increased the
autophagic response and increased pathological or maladaptive remodeling154. In adult
mice, cardiac specific deficiency of ATG5 (a protein required for autophagy), led to cardiac
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hypertrophy, LV dilation, and contractile dysfunction124. In a model of left ventricular
hypertrophy, there is no consensus on whether autophagy is a compensatory repair action
or whether it plays a role in the transition from adaptive left ventricular hypertrophy (LVH)
to maladaptive LVH29,126.
Calcineurin is a calcium dependent signaling protein and has been proposed to play
a key role in the development of cardiac hypertrophy and maladaptive remodeling155,156. A
study by He et al. in 2013 reported that the Calcineurin signaling pathway, a promoter of
cardiac hypertrophy, have been shown to inhibit cardiomyocyte autophagy in an AMPactivated protein kinase (AMPK)-dependent manner157. In this study, calcineurin was
shown to negatively regulate cardiac autophagy through the AMPK-mTOR axis. Inhibition
of calcineurin dramatically enhanced AMPK/mTOR, increased autophagy, and partially
rescued the cell from cell death. However, overexpression of calcineurin attenuated
AMPK/mTOR signaling resulting in decreased autophagy and exacerbated oxidative
stress.
Recent literature has suggested that autophagy plays a dual role, one as a protective
mechanism and the other being associated with maladaptive responses. The PI3K/Akt
pathway has been well established in cardiac hypertrophy102,104, however it is also an
essential regulator in autophagy115. Previous studies showed that cardiac-specific Akt
overexpression lead to a decrease of autophagy induced by aging. Decreased levels of
Beclin-1, Atg5 and LC3II:LC3I led to aggravated myocardial hypertrophy, fibrosis,
decreases in cardiac contractility and led to prolonged intracellular Ca2+ release and
clearance18,112.
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Cardiac Autophagy in Response to Exercise
As described previously, chronic aerobic exercise training elicits beneficial training
adaptions that improve cardiac function. The cells of the myocardium are terminally
differentiated, the maintenance of basal autophagy is essential to prevent the accumulation
of damaged or dysfunctional organelles116,124.
A study by McMillan et al. (2015), examined the effect of 6 weeks of endurance
exercise training on autophagic signaling in the left ventricle in spontaneously hypertensive
(SHR) and normotensive rats. At eleven weeks of age, the rats in the exercise training
group followed a 6-week progressive treadmill running program, reaching a final intensity
of 21 m/min, 4.5% grade, for 45 minutes/day, while the sedentary control were restricted
to cage bound activity but exposed to treadmill noise and vibration. In the LV, LC3 levels
were not different across strains (SHR vs. control) or exercise conditions (sedentary vs.
exercise trained), and LC3 protein levels (LC3I or LC3II) were not altered by exercise37,
indicating that this exercise stimulus did not alter autophagic factors in the LV in SHR rats
with chronic aerobic exercise training.
A study by Smuder et al. (2013) investigated the effect of doxorubicin (DOX) on
myocardial autophagic signaling in sedentary and exercise-trained animals. Doxorubicin
induces the development of cardiomyopathy and dysfunction and can progress to
congestive heart failure, increased ROS, and mitochondrial respiratory failure119. Exercise
training before DOX administration protects against DOX-induced increases in autophagy
signaling, potentially through either mitochondrial adaptations or the exercise-induced
increase in endogenous antioxidants such as SOD1, SOD2, glutathione peroxidase-1, and
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catalase119. However, there is limited evidence for the effects of exercise preconditioning
on autophagy and autophagy-related proteins in the Ang II-induced hypertensive heart.

Cardiac Autophagy in Response to Angiotensin II
During upregulation of the RAAS system in the heart, autophagic activity is
increased in the myocardium. Increased autophagic activity is a mark of the diseased heart
in patients with cardiomyopathy and hypertension158. In 2009, a study by Porello first
identified that the Ang II plays an important role in cardiomyocyte autophagy through the
AT1R159. Further, the coexpression of the AT2R reciprocally regulates cardiomyocyte
autophagy, through AT2R induction of cardiomyocyte growth and the antagonistic effect
on autophagy159. In 2011, Dai et al. demonstrated that angiotensin II increased ROS in the
mitochondria of cardiac myocytes, which leads to decreases in mitochondrial membrane
potential and increases autophagosome formation and signaling for mitochondrial
biogenesis, to restore damaged mitochondria160.
Previous literature in a study by Zhao et al. in 2014 showed that ATG5 deficiencymediated autophagy increased reactive oxygen species (ROS) and nuclear factor-KB (NFKB) contributing to cardiac inflammation and injury161. This study utilized Atg-5 deficient
mice to further elucidate the mechanism of autophagy and its role in cardiac inflammation
and organ damage in Ang II induced hypertension. Atg5 protein is an E3 ubiquitin ligase
that is necessary for the formation of autophagosomes and autophagy132. In a pressureoverload system, Atg-5 deficient mice have been shown to have disorganized sarcomere
structure and develop cardiac dysfunction124. LC3 levels measured in Atg5 deficient hearts
showed decreases in LC3 mRNA expression, and the ratio of LC3II:LC3I was decreased
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in Atg5 haplodeficient mice. Importantly, this haplodeficiency decreased mitophagy and
increased ROS production which resulted in cardiac injury161.
As discussed earlier, a mechanism through which autophagy regulates is the
PI3K/Akt pathway, which activates mTORC1 and inhibits autophagy. A study by Kishore
in 2015 utilized IL-10 KO mice, to further understand the mediation of Ang II induced
autophagy in the myocardium. A loss of IL-10 led to exaggerated autophagy in response
to Ang II, and that IL-10 mediated the activation of PI3k/Akt/mTORC1 pathway inhibits
Ang II-mediated pathological autophagy and improved cardiac function162.
A study in 2015 by McMillan, although using SHR rats, not Ang II induced
hypertensive mice, showed that while mRNA levels were not changed across strains or
conditions, LC3 protein levels were significantly altered. LC3I was significantly elevated,
while LC3II was significantly decreased resulting in a significant decrease in LC3II:I ratio.
The levels of p62 protein were also raised in SHR, showing a reduction of autophagic
signaling.
Modulating cardiac autophagy and maintaining homeostasis is essential for cardiac
function, and modulating autophagy provides a targeted mechanism through which
treatment can occur. However, many of the underlying mechanisms remain unclear. There
are many factors that are involved in the degree of autophagy activation which play a
critical role to discern whether autophagy is adaptive or maladaptive. The work presented
here addresses the effect of exercise preconditioning on autophagy in Ang II-induced
hypertensive mice.
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CHAPTER 3
METHODS
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3. Methods
Animals
All experiments were performed using procedures approved by the Temple
University Institutional Animal Care and Use Committee. Mice were maintained in barrier
facilities with sterile food, water, and bedding on a 12-hour light/dark (6AM/6PM) cycle
and were allowed free access to food and water. The experimental groups include (1) Sed
+ Sham surgery [Sed], (2) Sed + Angiotensin II infusion [SAII], (3) Exercise + Sham
surgery [Ex], (4) Exercise + Angiotensin II infusion [ExAII]. Mice in the exercise groups
were preconditioned with voluntary running exercise for 5 weeks prior to the Angiotensin
(Ang) II mini-pump implantation. Following 5 weeks of aerobic exercise condition or
sedentary condition, mice in the Ang II group received a separate mini-pump infusion of
Ang II, while sham groups underwent sham surgery. Both Ex and ExAII groups continued
to be exercised during the 14-day infusion period. At the end of the experiment, mice were
anesthetized by isoflurane inhalation and heart was excised for analysis after perfusion with
40 ml of ice-cold phosphate buffered saline (PBS).
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Fig 3. Schematic Overview of Study Design. Mice were divided into 4 groups (Sed, SAII, Ex,
and ExAII). At the beginning of the study, all animals were 9-10 weeks of age. Mice assigned to Ex
and ExAII groups were acclimated to a running wheel (Figure 4) for 3 days prior to the beginning
of the experiment. Week 1-5, mice in Sed and SAII group remained sedentary, while Ex and ExAII
had access to an exercise wheel ad libitum. At day 34, echocardiography was performed. On day
35, mice were subjected to pump implantation (AII groups) or sham surgery (sham groups). For the
remaining two weeks mice in Ex and ExAII groups maintained access to their exercise wheel.
Forty-eight hours prior to terminal surgery, exercise wheel was removed from Ex and ExAII cages
to eliminate potential acute exercise effect.
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Voluntary Wheel Running
Ex and ExAII group mice were individually housed with a metal wheel with a
diameter of 11.5 cm (Prevue) fitted with a digital magnetic counter. Sed and SAII group
mice were singly housed in mouse cages without a running wheel. The digital counter
measures maximum running speed, total distance run, and total time run. Daily exercise

Fig 4. Exercise Wheel Example. Exercise wheels were used in rat-sized cages and
fitted with Prevue cyclocomputers. Sensors were attached to wheel and arm holding
wheel. Distance was adjusted based upon wheel diameter.

values for time and distance run were recorded for each exercised animal throughout the
duration of the exercise period. Voluntary exercise preconditioning began at the age of 10
weeks old and continued for 7 weeks, including Ang II infusion period.
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Osmotic Pump Implantation
Mice in the SAII and ExAII groups were anesthetized with isoflurane and
implanted with minipumps. Ang II-infused mice received Ang II at a rate of 1mg/kg/day
for 2 weeks. Implantation occurred after 5 weeks of sedentary or exercise preconditioning
period. Mice in the Sed and Ex control groups underwent sham surgery on the same day as
osmotic pump implantation.

Blood Pressure Recording
In a subset of n=5 animals, blood pressure was monitored via implantation of a
telemetric pressure catheter in the left carotid artery (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 isoflurane. Blood pressure was measured
using receiver platforms (DSI).

In Vivo Cardiac Structure and Function
Transthoracic echocardiography Ultrasound was performed using the Vevo 2100
system (VisualSonics, Toronto, ON, Canada). Following 5 weeks of exercise
preconditioning and 2 weeks Ang II-infusion, mice were anesthetized with 2% isoflurane
gas to an ~475 beats/minute heart rate, and M-mode ultrasound images were captured in
parasternal short axis view and were analyzed using Vevo2100 image analysis software.
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Heart Tissue Collection
Tissues were collected 48hr after the last day of wheel running to eliminate
potential acute exercise effect. In brief, following anesthesia, the mouse was placed in a
supine position and a horizontal cut was made into the upper abdomen. The diaphragm was
removed with small scissors and the ribs were cut laterally and the chest flap was folded
back using a hemostat to expose the heart. For protein and mRNA analysis, heart was
immediately excised and gently blotted and weighed. The left ventricle was cut into 4
pieces, placed into cryovials and immediately snap frozen in liquid nitrogen and frozen at
-80 until use. For histological analysis (immunohistochemical, Masson Trichrome) the
heart was excised and aorta cannulated with a 21-gauge needle. Following PBS perfusion,
the heart was perfused with 10% formalin then post-fixed overnight at room temperature
in 10% formalin. Following overnight incubation in 10% formalin, the heart was washed
3x with PBS for 20 minutes and then placed in 70% Ethanol (EtOH).

Heart Weight to Body Weight Ratio (HW:BW), Myocardial Fibrosis, and
Myocyte Surface Area
Mice were weighed immediately prior to sacrifice. Heart was weighed as described
in Heart Tissue Collection. Hearts were then placed in 10% formalin overnight, washed
with PBS, and stored in 70% EtOH until being embedded in paraffin and cut into 5µm
slices. Slides from the middle portion of each heart were stained with Masson’s Trichrome
to detect myocardial fibrosis. Percentage of blue area was quantified using BioQuant
Software as previously described163,164. In order to assess individual myocyte cardiac
hypertrophy, myocyte surface area was detected using single myocyte isolation. Following
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5 weeks of voluntary exercise preconditioning and 2 weeks of Ang II infusion. Isolated
cardiomyocytes were fixed with a 2% paraformaldehyde solution. Myocytes with clear,
un-overlapping borders were circled and measured using ImageJ software. A minimum of
200 myocytes per mouse measured.

Immunoblotting
Heart samples were lysed in RIPA buffer (10mM Tris-HCL, 5mM EDTA, 150mM
NaCL, 1% Triton x-100, 0.1% SDS, 1% Deoxycholate, pH 7.5). Following the
precipitation of the insoluble fraction of the RIPA samples by centrifugation (16,000g for
15 minutes at 4oC), supernatant was collected and subjected to BCA Pierce Assay to
quantify protein concentrations. After quantification, 5x SDS and dH2O was added to RIPA
samples. The resulting protein samples were run through electrophoresis and transferred to
PVDF membrane (Immobilon-P, Millipore). Subsequently the membrane was blocked
with 5% non-fat dry milk (NFDM), dissolved in TBST for 20 minutes at room temperature
and incubated overnight with respective primary antibodies. Antibodies were purchased
from the following sources: rabbit polyclonal anti-LC3B (Novus Biological), rabbit antip62/SQSTM1 (Sigma-Aldrich), mouse monoclonal anti-BNIP3 (Santa Cruz), anti-Beclin1 (Cell Signaling), anti-Drp1 (BD Transduction), and anti-Parkin (Cell Signaling). The
membrane was then washed three times in TBST and incubated with horse-radish
peroxidase (HRP)-conjugated antibodies for an hour followed by washing three times with
TBST. Then, membranes were subjected to a standard enhanced chemiluminescence
method for visualization (Thermo Fisher Scientific).
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mRNA isolation, cDNA synthesis, and real-time PCR.
Total RNAs were isolated using Animal Tissue RNA Purification Kit (Norgen
Biotek Corp., Ontario, Canada). mRNAs were further isolated with the use of Dynabeads
direct kit, and cDNA synthesis was performed on poly-dT magnetic beads by reverse
transcription using superscript II (Invitrogen). mRNA expression levels were quantified
using qPCR with SYBR green fluorescence. Cycle threshold (Ct) values were normalized
to the housekeeping gene GAPDH. mRNA expression levels of LC3, p62, BNIP3, Beclin1, DRP1, and Parkin were measured. Primer sequences used are described below.

Table 1. Primer Sequences
LC3
P62
BNIP3
Beclin-1
DRP1
Parkin

Sense
5’ - CGTCCTGGACAAGACCAAGT - 3’
5’ - GAATACCTTTGCCTCCCACA - 3’
5’ - CACCATTACCTTGGGTGGTC - 3’
5’ - GCTGTGTGAGGAATGCACAG - 3’
5’ - GGAACCAACAACAGGCAACT - 3’
5’ - GAACTGTGGCTGTGAGTGGA - 3’

Anti-sense
5’ -CAGGAAGCCGTCTTCATCTC - 3’
5’ - CTGGTCCCATTCCAGTCATC - 3’
5’ - CCGATTTAAGCAGCTTTGGA - 3’
5’ - TTCCACATCTTCCAGCTCCT - 3’
5’ - TCACAATCTCGCTGTTCTCG - 3’
5’ - GGGCTGCTTCTGTAATCTGC - 3’

Statistical Analysis
All results were presented as mean + the standard error of the mean (SEM). There
was a total of ten mice for all 4 groups. Data was analyzed using a one-way analysis of
variance (ANOVA). In order to compare dependent variables between groups, nonparametric analysis was performed using the Kruskall-Wallis test for Masson-Trichrome
analysis. The significance level will be set at P < 0.05. We performed a t-test to compare
the percent change in ejection fraction pre and post Ang II infusion between SAII and
ExAII groups. This study was a longitudinal design.
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4.0 Results
Animal Characteristics
Body weight between all four groups in week one through six was not significantly
different. After the two-week infusion period there was a significant reduction in the
weight of SAII mice (26.93+0.24), Ex mice (25.76+0.40), and ExAII mice
(26.74+0.52) when compared to Sed mice (28.26+0.54) (Figure 3, Table 2).
Table 2. Body Weight
Sed Sham
Sed Ang II
Ex Sham
Ex Ang II
Week 1
24.36 + 0.48
24.62 + 0.45
23.33 + 0.38
23.29 + 0.55
Week 2
25.33 + 0.43
25.60 + 0.45
24.40 + 0.30
24.65 + 0.47
Week 3
26.20 + 0.43
26.30 + 0.54
25.12 + 0.34
25.34 + 0.56
Week 4
26.67 + 0.43
26.71 + 0.53
25.45 + 0.25
25.77 + 0.49
Week 5
27.26 + 0.43
26.96 + 0.44
25.82 + 0.25
26.29 + 0.46
Week 6
27.40 + 0.44
27.49 + 0.36
26.16 + 0.31
26.84 + 0.46
Week 7
28.36 + 0.55
27.30 + 0.38
26.30 + 0.30*
27.05 + 0.44*
Dissection 28.26 + 0.54
26.93 + 0.24*
25.76 + 0.40*
26.74 + 0.53*
Data are presented as mean + SEM. Sed, Sedentary. Ex, Exercise. Sham, sham surgery.
Ang II, angiotensin II infusion. Significance was set at P<0.05. *P<0.05 vs Sed sham.
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Fig 5. Body weight analysis over experimental period. Body weight was
measured on the first day of each week and day of terminal surgery. At week 7,
Ex and ExAII mice weighed significantly less then Sed mice. By week 8 (day of
terminal surgery), Ex, ExAII mice, and SAII mice weighed significantly less
then Sed mice. *P<0.05 vs Sed.
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Fig 6. Distribution of frequency of running distance between Ex and ExAII mice.

We plotted the frequency distribution of each mouse to kilometers run each day. Ex
and ExAII both ran on average 13km/day most frequently (Figure 6). There were no
significant differences in running distances between Ex and ExAII mice through 7
weeks of exercise training (Figure 7A). Average peak running distance per day was
recorded in week 2 as 14.30 + 0.60 km and 13.82 + 0.30 km for Ex and ExAII,
respectively (Figure 7B). Average running speed was measured for 7 weeks of exercise
training and was not significantly different between Ex and ExAII groups. Following
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Ang II implantation there was a small decrease in distance run on surgery day, however,
this was usually minimal and gradually increased.
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Fig 7. Average Distance and Speed of Ex and ExAII Mice. (A) Average running distance
(km/day) between Ex and ExAII. Peak running distance was 14.30 + 0.60 and 13.82 + 0.30 for
Ex and ExAII, respectively. P<0.05. There were no significant differences between Ex and
ExAII. (B) Average Speed (km/h) between Ex and ExAII. There were no significant differences
found between Ex and ExAII. P<0.05.

As shown in table 3, heart weight (HW) was significantly higher in SAII (174.0+7.60
mg), Ex (167.3+5.00 mg) and ExAII (182.9+8.10 mg) when compared to Sed mice
(147.0+4.40 mg). Heart weight to body weight (HW:BW) was significantly higher in
SAII (6.8+0.5), Ex (7.0+0.5), and ExAII (7.7+0.5) when compared to Sed (5.6+0.3)
mice.
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Table 3. Animal Characteristics
Sed Sham
Sed AngII

Ex Sham

Ex AngII

Heart Weight (mg) 151.0 + 7.3

186.5 + 14.0* 184.2 + 11.1*

204.9 + 10.8*

Body Weight (g)

26.93 + 0.24* 25.76 + 0.40*

26.74 + 0.53*

28.26 + 0.54

HW:BW

5.6 + 0.3
6.8 + 0.5
7.0 + 0.5*
7.7 + 0.5*
Data are presented as mean + SEM. Sed, Sedentary. Ex, Exercise. Sham, sham surgery.
AngII, angiotensin II infusion. Significance was set at P<0.05. *P<0.05 vs Sed Sham.
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Fig 8. Comparison of Heart Weight and Heart Weight: Body Weight (A) Heart
weight (HW) was significantly higher in SAII, Ex, and ExAII mice when compared to
Sed mice. There were no significant differences between Ex and ExAII mice. *P<0.05
vs Sed. (B) Heart weight to body weight (HW:BW) was significantly higher in SAII,
Ex, and ExAII mice when compared to Sed mice. There were no significant
differences between Ex and ExAII mice. *P<0.05 vs Sed.

Exercise Training Mitigated LV Systolic Function
In order to determine cardiovascular phenotype as well as determine cardiac
function, echocardiograms were performed on mice. As shown in table 4, in response to 5
weeks of voluntary running preconditioning followed by a 2-week infusion or sham period,
mice exposed to an exercise wheel had a significantly higher ejection fraction and
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fractional shortening when compared to its sedentary and sedentary Ang II counterparts.
SAII mice showed significantly higher wall thickness in LVAWd and LVPWd when
compared to Sed mice during diastole (0.90+0.04mm and 0.92+0.04mm vs 0.71+0.03mm
and 0.76+0.02 mm, respectively). SAII mice had a significantly higher wall thickness in
LVPWs in systole when compared to Sed controls. While Ang II infusion in SAII mice did
not significantly reduce systolic function, there was a slight reduction in EF% and FS%
when compared to sedentary controls.
Exercise trained mice who were infused with Ang II showed a greater hypertrophy
effect, with the myocardial posterior wall in diastole being significantly thicker then both
their Ex and SAII counterparts. Although ExAII had a greater hypertrophy effect in the
posterior wall, there was no significant difference in their systolic function when compared
to Ex mice.

Table 4. Cardiovascular Phenotype
Sed Sham
LVAW(mm)
0.71 + 0.03
Diastole
LVDd (mm)
3.84 + 0.06

Sed AngII
0.90 + 0.04*

Ex Sham
0.84 + 0.04*

Ex AngII
1.00 + 0.06*^

3.95 + 0.10

3.72 + 0.07

3.64 + 0.11

PWd (mm)

0.76 + 0.02

0.92 + 0.04*

0.85 + 0.02

1.04 + 0.06*#^

LVAW (mm)

1.09 + 0.04

1.25 + 0.06

1.27 + 0.05*

1.46 + 0.09*#^

2.76 + 0.06

2.92 + 0.11

2.49 + 0.09*#

2.55 + 0.11#

1.06 + 0.03

1.23 + 0.05*

1.23 + 0.05*

1.39 + 0.09*

Systole LVDs (mm)
PWs (mm)
EF%

56.99 + 0.76

53.98 + 1.13

63.71 + 1.75*#

61.54 + 1.66*#

FS%

28.74 + 0.50

27.54 + 0.68

34.10 + 1.28*#

32.56 + 1.15*#

Data are presented as mean + SEM. Sed, Sedentary. Ex, Exercise. Sham, sham surgery. AngII, angiotensin II
infusion. LVAW, left ventricle anterior wall. LVDd(s), left ventricle diameter in diastole or systole. PWd(s),
posterior wall in diastole or systole. EF%, ejection fraction. FS%, fractional shortening. Significance was set at
P<0.05. *P<0.05 vs Sed Sham. #P<0.05 vs SedAngII. ^P<0.05 vs Ex Sham.
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Fig 9. Left ventricular systolic function. (A) Ejection Fraction was significantly higher
in Exercise mice when compared to Sed and SAII mice, respectively. Exercise
preconditioned mice maintained ejection fraction with Ang II treatment. *P<0.05 vs Sed.
^P<0.05 vs SAII. (B) Fractional Shortening was significantly higher in Exercise mice
when compared to Sed and SAII mice, respectively. Exercise preconditioned mice
maintained fractional shortening with Ang II treatment. *P<0.05 vs Sed. ^P<0.05 vs SAII.
(C) Percent change in ejection fraction pre Ang II and post Ang II infusion. P<0.05 TTest.
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Fig 10. Attenuation of Ang II-Induced Hypertension by 5 weeks of VW
running in C57Bl6/J mice. Blood pressure was measured using telemetry in Sed
and VW mice undergoing sham surgery or Ang II infusion (1mg/kg/day) for 2
weeks. Results represent mean + SE for 5 animals per group. *P<0.05 vs Sed.
^P<0.05 vs Ex. #P<0.05 vs ExAII. (A) Telemetric blood pressure measurement of
systolic blood pressure. (B) Telemetric blood pressure measurement of diastolic
blood pressure. (C) Telemetric blood pressure measurement of mean blood
pressure.

We observed that mice in ExAII group had a significant reduction of systolic blood
pressure and mean blood pressure when compared to SAII mice (Figure 10).
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Neither Ang II infusion or Exercise Training Changed Myocyte Surface Area
Measurement of single cardiac myocytes revealed no significant differences in
myocyte surface area between groups (Figure 11).
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Fig 11. Myocyte Surface Area (A) Single cell isolation showed no significant
differences between all groups. (B) Representative image of Sed, SAII, Ex, and ExAII
single cell isolation observed at 10x.
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Cardiac Fibrosis was Significantly Elevated in Ang II Infused Mice.
To assess cardiac fibrosis induced by Ang II, paraffin embedded samples were
stained with Masson Trichrome method. Shown in Figure 12, SAII mice had significantly
higher fibrosis when compared to Sed and Ex mice (3.89 + 1.49% vs. 1.23 + 0.19% and
1.44 + 0.18%, respectively), while ExAII mice had significantly higher fibrosis when
compared to Ex mice (2.36 + 0.16% vs 1.44 0.18%).
ANOVA P<0.05
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Fig 12. Ang II increases cardiac fibrosis. (A) Masson Trichrome Analysis showed
significantly higher fibrosis in SAII when compared to Sed and Ex mice. ExAII
mice had significantly higher fibrosis area compared to Ex mice. Measured using
non-parametric analysis, Kruskall Wallis test. *P<0.05 vs Sed. ^P<0.05 vs Ex. (B)
Representative image of Sed, SAII, Ex, and ExAII Masson Trichrome staining.
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DRP1 mRNA Expression Level is Significantly Lowered in Ex and ExAII mice.
We analyzed mRNA expression levels of key autophagy and mitophagy related
markers in Sed, SAII, Ex, and ExAII conditions. Dynamin-related protein 1 (DRP1), was
significantly lower in Ex mice, regardless of Ang II treatment. Beclin-1, a key protein in
the initiation and nucleation of the phagophore, was not significantly different between
groups. LC3, a protein involved in the elongation and closure of the phagophore, was not
significantly different between groups. P62, a protein which interacts directly with LC3,
was not significantly different between groups. Parkin, a protein which may control
degradation of mitochondria and has been shown to stimulate mitophagy, was not
significantly different between groups. BNIP3, a mitochondrial death and mitophagy
marker, was not significantly different between groups.
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Fig 13. Effect of exercise and Ang II treatment on the mRNA expression of
autophagy markers in the LV of C57BL6/J mice. (A) LC3 expression was not
significantly altered in response to exercise training and Ang II infusion in the left
ventricle (LV). P<0.05 (B) p62 expression was not significantly altered in response
to exercise training and Ang II infusion in the left ventricle (LV). P<0.05 (C) Beclin1 expression was not significantly altered in response to exercise training and Ang II
infusion in the left ventricle (LV). P<0.05 (D) BNIP3 expression was not
significantly altered in response to exercise training and Ang II infusion in the left
ventricle (LV). P<0.05 (E) DRP-1 expression was significantly lower in Ex and
ExAII mice when compared to Sed mice. P<0.05 (F) Parkin expression was not
significantly altered in response to exercise training and Ang II infusion in the left
ventricle (LV). P<0.05
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LC3II/I Protein Expression is Significantly Higher in SAII, but not ExAII
Mice.
We analyzed protein expression levels of key autophagy and mitophagy markers in Sed,
SAII, Ex, and ExAII mice. LC3 protein expression was significantly higher in SAII mice
which was attenuated in ExAII mice. There were no significant differences between groups
in P62, Parkin, Beclin-1, DRP1, and BNIP3 protein levels between groups.
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Fig 14. Quantification of protein expression of autophagy and mitophagy
markers in the heart. (A) LC3 expression was significantly higher in response
to Ang II infusion in the left ventricle (LV) which was attenuated in ExAII mice.
*P<0.05 vs Sed, Ex, ExAII (B) p62 expression was not significantly altered in
response to exercise training and Ang II infusion in the left ventricle (LV).
P<0.05 (C) Parkin expression was not significantly altered in response to
exercise training and Ang II infusion in the left ventricle (LV). P<0.05 (D)
Beclin-1 expression was not significantly altered in response to exercise
training and Ang II infusion in the left ventricle (LV). P<0.05 (E) DRP-1
expression was not significantly altered in response to exercise training and
Ang II infusion in the left ventricle (LV). P<0.05 (F) BNIP3 expression was not
significantly altered in response to exercise training and Ang II infusion in the
left ventricle (LV). P<0.05
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5.0 Discussion
To the best of our knowledge, there is no study that exists studying the effects of
voluntary exercise preconditioning on cardiac autophagy following angiotensin IIinduced cardiac remodeling. In this study we showed that exercise preconditioning
mitigated LV systolic function in Ang II-infused hypertensive mice (Figure 9C) with a
significantly greater hypertrophy in the posterior wall. We also report here that exercise
preconditioned mice who were infused with Ang II had attenuated levels of LC3II/I ratio,
a key autophagy marker, indicating reduced autophagic signaling.
Exercise and Ang II Significantly Raised Heart Weight but Reduced Body Weight.
We observed significantly higher heart weight in response to 7 weeks of voluntary
exercise and also with just Ang II infusion. In SAII, Ex, and ExAII groups, heart weight
was higher than Sed mice. Previous literature has established voluntary wheel running as
a sufficient stimulus to induce cardiac hypertrophy165-168 and HW:BW47,165 although these
studies were shorter in length at 2-4 weeks of free access. Although a previous study that
used C57Bl6/J mice observed a slight reduction in running distance in week 4 (8.4 to 7.1
km/day, respectively)165, we didn’t observe a decline in running distance until week 7 in
Ex and ExAII groups (as seen in Figure 7A), respectively. In our study, mice in both Ex
and ExAII groups maintained a > 8 km/day average through week. Which was similar to
results found by Padilla et al. (2016), who measured voluntary wheel running distance
over 16 weeks. In this study, C57BL6/J mice ran 7.1 km/day on average169. C57Bl6/J
mice have previously been reported as optimal runners in voluntary wheel exercise
among seven different inbred strains including DBA/1J, C3H/Hej, and BALB/cByJ mice
47
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Exercise and Ang II Infusion Induced a Greater Hypertrophy Effect in ExAII Mice
and Mitigates a Significant Reduction in Pre-Post Changes in Ejection Fraction.
Previous studies have shown increases58,59, decreases56,57, or no changes in the left
ventricular sizes after exercise training in hypertensive participants54,55. In our model, we
observed a significantly greater hypertrophic effect on the LV posterior wall in diastole
(LVPWd) in the ExAII group compared to the mice in SAII or Ex groups, as shown in
Table 3. This may be attributed to the extra myocardial remodeling needed to overcome
the elevated peripheral vascular resistance induced by Ang II infusion. Interestingly,
when we performed myocyte surface area measurements at a single cell level, we
observed no significant differences among groups (Figure 10), which contradicts with
echocardiography observations. A study in exercise trained rats revealed a significant rise
in myocyte CSA at high and low exercise intensities, however, this study also noted an
increased population of smaller ventricular myocytes in exercising animals which
strongly suggested new myocyte generation76. It is possible that our exercise trained mice
observed a similar phenomenon. As well, a previous study established a reduction in
cardiac myocyte’s CSA between control and Exercise groups in C57Bl6/J mice170. A
study in male rats found significant elevation in myocytes’ CSA in response to 8 weeks
of treadmill exercise training171. In our study, the lack of significant changes in CSA
could potentially be due to the moderate dose of Ang II, 1 mg/kg/day, compared to
previous studies172.
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Angiotensin II Infusion Significantly Elevated Myocardial Fibrosis in Ang
II Mice.
Cardiac fibrosis can play a critical role in cardiac dysfunction following Ang II
infusion and hypertension. The loss of myocytes and its subsequent replacement with
collagen can stiffen the ventricles and impair relaxation and contraction. We observed a
significant elevation in cardiac fibrosis in SAII mice when compared to Sed and Ex mice,
and a significant elevation in ExAII mice was observed when compared to Ex mice
(Figure 11). Although exercise was not able to mitigate the deposition of collagen into
the myocardium, ExAII mice did see a reduction of fibrosis measured (3.89 +1.49% vs.
2.36 +0.16%, respectively). In a study by Liu et al. (2016), the induction of autophagy by
administering Ang II and the injection of rapamycin, was able to further induce
autophagy, which rescued cardiac fibrosis21. It should be noted that this study did use a
higher dose of Ang II at 1.2mg/kg/day. Interestingly, by adding exercise to Ang II
infusion, we achieved a small reduction in cardiac fibrosis, however, this was in
conjunction with a reduction in autophagic flux ExAII mice. These could be completely
independent mechanisms.

Angiotensin II Infusion Significantly Elevated LC3II/I Protein Expression
in SAII but not ExAII Mice.
We observed that protein expression of LC3II/LC3I ratio was significantly
elevated in SAII compared to sedentary controls. The increased level of LC3II/LC3I ratio
indicates an elevation in autophagosome formation in SAII mice, as LC3II is present only
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in the mature autophagosome membrane. However, we did not see a significant reduction
in p62, which labels targets to be engulfed by this autophagosome before fusing with a
lysosome. This could potentially indicate that while there was an increase in autophagic
machinery, it may not be coupled with autophagic flux. Exercise itself did not alter basal
autophagy (Figure 13), however, it did attenuate Ang II induced autophagosome
formation in ExAII mice. Our data is in agreement with previous literature that treatment
with Ang II in mice has led to increased autophagy, measured by LC3II/LC3I in vivo21 as
well as in vitro21,173, and that long term exercise did not alter basal autophagic flux in
vivo37,174.
To further investigate potential mechanisms, we investigated Parkin and BNIP3,
both of which has been shown to stimulate mitophagy175-177. We found no significant
differences in Parkin and BNIP3 between all groups indicating that there was no
significant damage in mitochondria. We also observed no significant differences between
Drp1 protein expression between groups, potentially indicating that there were no
changes in mitophagy.
The results of this study are novel because to the best of our knowledge this is the
first study to examine the effects of voluntary running preconditioning on AngII-induced
hypertensive mice and autophagy in the heart. In this study we showed that voluntary
running preconditioning in AngII-induced hypertensive mice mitigated a decrease in LV
systolic function in ExAII mice, and decreased the formation of key autophagy marker
LC3II/LC3I ratio in ExAII mice. As a result, voluntary running preconditioning may be a
possible non-pharmacologic method to maintain systolic function, and further studies are
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warranted on the signaling pathways regulating autophagy markers to further elucidate
their mechanisms.
A limitation to this study was the use of solely male C57BL6/J mice. It may be
beneficial to compare the results to female C57BL6/J mice using the same protocol, as
the National Institute of Health has recently mandated sex as a variable to consider in the
different progression of diseases178. Further studies are warranted studying upstream
signaling targets to further elucidate signaling mechanisms.
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