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Heart failure (HF) is characterized by the inability of the heart to provide adequate
cardiac output to meet their body’s demand for fuel and oxygen, particularly during periods of
exertion. In fact, a hallmark characteristic of HF is exertional intolerance where performing
activities brings about, or exacerbates, symptoms of dyspnea and/or fatigue. This exercise
intolerance has been attributed to altered cardiac and skeletal muscle function.
The myocardium of the heart is reliant upon cardiac mitochondria to generate sufficient
ATP to fuel this highly metabolically active tissue. Therefore, reduced mitochondrial ATP
production may play a role in myocardial dysfunction and contribute to reduced cardiac output in
HF. Mitochondria react to intracellular signals to respond to energetic demands, and therefore,
mitochondrial function is a product of both the mitochondria itself and the environment in which

it resides. Intracellular Ca?* and Na* are of particular interest as they play a role in regulating

mitochondrial function and the intracellular concentrations are elevated in ventricular myocytes



in HF. Therefore, a goal of these investigations was to evaluate how altered Na* and Ca?* can
impact the ability of cardiac mitochondria to respond to an increase in demand in mitochondria
isolated from young healthy rat hearts, as well as rats with pressure-overload induced HF. A
second goal of these investigations was to determine if pressure-overload induced heart failure
altered exercise capacity, as well as in vivo and ex vivo skeletal muscle strength.

In the first study, mitochondria were isolated from the ventricular tissue of young,
healthy male rats, and oxygen consumption and mitochondrial activation by Ca?* was assessed in
the presence of elevated Na* to mimic the cellular environment of HF. Ca?* effectively activated
mitochondrial ATP production, despite elevated Na*, suggesting that the ionic conditions of HF
ventricular myocytes alone are not sufficient to disrupt mitochondrial function. In the second
study, mitochondrial function was assessed under the same ionic conditions as the previous
study, however, mitochondria were isolated from male rats with pressure-overload induced
hypertrophy or sham-operated controls. Ca?* was able to activate mitochondrial function
regardless of Na* concentration in both HF and sham mitochondria; however, failing
mitochondria exhibited depolarized mitochondrial membrane values across these respiration
rates, implicating an impaired potential for ATP production in failing ventricular mitochondria.
In the third study, HF and sham male and female rats were evaluated for their exertional
tolerance, and the results indicated that HF rats tolerated treadmill running and showed no
deficits in grip exercise; however, solei muscle from female heart failure rats exhibited
diminished contractile capacity, suggesting female skeletal muscle may respond differently than
male skeletal muscle to heart failure. These findings indicate that failing mitochondria may be
intrinsically dysfunctional regardless of an altered ionic environment and that there may be

sexual dimorphism in the skeletal muscle function and its role in exercise intolerance in HF.
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Chapter 1: Review of Literature

1.1 Heart Failure

1.1.1 Significance & Overview

Heart failure (HF) affects approximately 6 million people in US and at least 26
million people worldwide, and the prevalence is expected to increase by 46% over the
next decade®. Half of patients with heart failure die within 5 years of diagnosis®>.

Heart failure is a remarkably complex clinical syndrome characterized by
dyspnea and fatigue that are often due to cardiac dysfunction. In individuals with HF,
the heart is unable to provide adequate blood to the body to meet the demands. HF has
a diverse etiology, with left ventricular (LV) dysfunction, right ventricular (RV)
dysfunction, valve disease, or pericardial disease* as common precursors, however, the
mechanism and differential development remains largely a mystery.

When the heart contracts, oxygenated blood is pumped out of the left ventricle
and distributed to the tissues of the body via the vasculature. When the heart relaxes,
the left ventricle fills with oxygenated blood to be pumped out during the next
contraction. The percentage of the blood in the ventricle that is ejected per beat is
known as left ventricular ejection fraction (LVEF) and is usually between 50-75% in
healthy individuals. Traditionally, HF has been associated with a reduced LVEF; in
other words, a lower percentage of blood from the ventricular chamber leaves per
contraction, and is classified as heart failure with reduced ejection fraction (HFrEF).

Current treatments for HFrEF aim pharmacological treatments to reduce blood volume
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and blood pressure (ACE inhibitors, B-blockers, and diuretics), as well as the use of
inotropic agents in order to increase myocardial contractility and improve LVEF.

A second classification of HF is heart failure with preserved ejection fraction,
or HFpEF. Individuals with HFpEF do not demonstrate a reduced LVEF upon
echocardiographic assessment, however they do manifest the clinical presentations of
HF. Interestingly, many patients with HFpEF demonstrate normal stroke volume (SV)
at rest but exhibit a blunted rise in SV with exertion. Importantly, reduced LVEF is not
the cause of symptoms in individuals with HFpEF, and there are currently no

pharmacological treatments that improve outcomes or prognosis in HFpEF>®.

1.1.2 Clinical Presentations of Heart Failure

Patients with HF often have physical manifestations related to excessive fluid
accumulation and inadequate hemodynamic supply. Symptoms related to fluid
accumulation include dyspnea, orthopnea, edema, hepatic congestion pain, and
abdominal distention®. Insufficient cardiac output has been thought to be related to
fatigue and weakness, which can be exacerbated with exertion. Both categories of
symptoms, however, are related to each other®. The inadequate cardiac output lends to
fluid retention issues, which is often mediated, at least in part, by changes in renal
function. More specifically, there may be greater activation of the renin-angiotensin-
aldosterone axis lending to greater sodium retention and a greater sympathetic nervous
system activation. Because deficits in hemodynamic supply appear to have their own
physical manifestations and influence those related to fluid accumulation, the heart has

traditionally been the target for investigation and therapeutic intervention.



1.1.3 Clinical Diagnosis of Heart Failure and Classification

There is no single test to diagnose HF. A patient’s history, physical
examination, laboratory data, and imaging data are used collectively to make the
diagnosis of HF. The recommended blood tests for identifying HF include B-natriuretic
peptide (BNP) levels, cardiac troponin T (TnT) or | (Tnl) levels, complete blood count,
serum electrolyte levels, blood urea nitrogen, creatinine, liver function, and fasting
blood glucose. BNP levels are frequently elevated in patients with HFrEF but may be
normal in many patients with HFpEF. Therefore, an elevated BNP would strongly
suggest the presence of HF, but a normal level does not exclude it. Elevated TnT and/or
Tnl represent markers of myocardial injury and would help indicate the severity of the
HF in the patient. The current method of HF diagnosis can be complex and is dependent
on the aggregation of several clinical results.

Once a HF diagnosis has been made, the disease can then be classified into one
of three categories in accordance with LV ejection fraction (LVEF). As described
above, LVEF is the proportion of blood that leaves the LV chamber per contraction.
More specifically, it is the quotient of stroke volume (SV) and end-diastolic volume
(EDV). When LVEF is <40% in patients with HF, these individuals are classified as
having HF with reduced ejection fraction (HFrEF). HF with LVEF between 41 and
49% is HF with mid-range ejection fraction (HFmrEF). Lastly, HF with LVEF >50%
is known as HF with preserved ejection fraction (HFpEF). While these are the current
categories for HF, these classifications will probably stratify further as more is

discovered about the disease in the future.



1.2 Heart Failure with Preserved Ejection Fraction

1.2.1 Prevalence & Demographics

The number of patients being diagnosed with HFpEF is increasing in number’#,
The Framingham Heart Study and the Cardiovascular Health Study reported that the
incidence of HFrEF has decreased over two decades and the incidence of HFpEF
increased by 45% over the same period®. HFpEF is now the dominant form of HF
among older adults in the United States, representing 65 to 77% of prevalent cases
according to the Atherosclerosis Risk in Communities (ARIC) study!®. HFpEF was
thought to be a disease of aging, but many patients of HFpEF are under 65 years old**.
When adjusted for age and other risk factors, the prevalence with HFpEF is similar
between men and women in many community-based studies'?¢. However, women
have a greater prevalence of HFpEF than men in general, and in a report of at least
100,000 hospitalizations, patients with HFpEF were more likely to be older, female,
hypertensive, and less likely to have a prior acute cardiac event and in-hospital
mortality®’.

Many comorbidities and risk factors are shared between HFpEF and HFrEF,
such a hypertension, diabetes, and kidney disease. Hypertension carries the highest risk
for the development of HF in the general population!®!® and more than doubles the
probability of developing HFpEF than with HFrEF?. Similarly, patients with HFpEF
have hypertension as the most common cardiovascular risk factor, at a prevalence of

55-85%%2L,



Because HFpEF is generally regarded as a disease of age, it is believed that this
sex disparity may be due to greater longevity and lower mortality in women with
HFpEF. This allows females more time to develop the HFpEF condition as well as
lower the available comparisons due to survivability?2. In contrast, most patients with
HFrEF are male, possibly due to the greater prevalence of coronary disease among
men?’. The sex disparity suggests the development of HFpEF may be different between

males and females and may require different therapeutic interventions.

1.2.2 Signs & Symptoms

The symptoms of HFpEF are generally indistinguishable from other forms of
HF23-25, Patients with clinically diagnosed HFpEF have or had at least one symptom of
HF. Dyspnea and fatigue are the most common symptoms of HFpEF?5. Hypertension
is a common condition found alongside HFpEF that increases LV wall stress, which
can impede proper ventricular relaxation thereby elevating pulmonary venous
pressures?’. As a result, patients with HFpEF may have associated physical signs of HF
such as jugular vein distention, respiratory rattling, and edema of the legs. Additionally,
many patients with HFpEF exhibit chest pain on or during exertion?®2°,

A critical characteristic of HFpEF, and other forms of HF, is exertional
intolerance. Patients with HFpEF have difficulty tolerating exertion or exercise but the
mechanisms behind this intolerance are not fully understood. Physical activity is one
of the most common stresses encountered by these patients because it requires an
increase in cardiac output to meet the increasing demands of the body®. Patients with
HFpEF participating in physical activity are unable to tolerate an increase in venous

return, afterload, and tachycardia and further experience greater left atrial (LA) and
5



pulmonary venous pressures®2, As a result, patients exhibit dyspnea, reduced aerobic

capacity, and increased risk of death®3-°,

1.2.3 Tests & Evaluation

Initial evaluation of patients suspected with HF commonly include a chest
radiograph and electrocardiogram (ECG). The chest radiograph is used to identify
pulmonary edema and potential causes of dyspnea as well as signs of an enlarged heart.
Unfortunately, patients with HFpEF often have a normal chest radiograph®®. Results of
the ECG often can be nonspecific but have the capacity to identify myocardial ischemia
or previous infarction. More importantly, an ECG can be used to identify atrial
fibrillation (AF), which is strongly indicative of HFpEF if the patient demonstrates
normal LVEF and dyspnea®’.

Echocardiography and serum natriuretic peptide levels are also used to help
diagnose suspected HFpEF. Echocardiography can evaluate if the LVEF is preserved
and LV volume is normal. It can also identify issues to exclude the diagnosis of HFpEF,
such as wvalvular and pericardial diseases. Doppler measurements during
echocardiography can also provide estimates of LV diastolic filling pressure®%,
Serum measures of natriuretic peptides of BNP or NT-proBNP can be used to help
diagnose HFpEF but are generally more useful for prognosis*4t. While normal levels
of natriuretic peptides does not exclude HFpEF, elevated levels provide more evidence
for the presence of HFpEF®' and can be used to predict adverse cardiovascular event in

patients with HFpEF*2,



1.3 Treatment of HFpEF

1.3.1 General Management

The current goals of treatment for patients with HFpEF are to increase patient
function, reduce HF symptoms, and decrease risk for hospitalization. After being
diagnosed with HFpEF, routine evaluation is recommended to monitor changes in
symptoms, blood pressure measurements, conditions of comorbidities, and medication
tolerance®®. Adoption of lifestyle changes such as participation in exercise programs,
cardiac rehabilitation, and dietary interventions are generally safe and can result in
small improvements in exertional tolerance and functional status*. However, there are
no therapies at present that have been proven to consistently reduce the risk of mortality

in patients with HFpEF®>®.

1.3.2 Management of Comorbidities

Hypertension is thought to be one of the main contributors to the development
of HFpEF, so pharmacological therapies targeting hypertension have been at the
forefront of HFpEF treatment. The choice of antihypertensive medication depends on
the kinds of comorbid conditions and the severity of the hypertension present in the
patient. Diuretics and mineralocorticoid receptor antagonists (MRAs) are generally
used to initially treat hypertension and if there are no other compelling treatments for
specific comorbid conditions present***°, Importantly, MRAs appear to improve
quality of life and reduce rates of hospitalization in patients with HFpEF*>*". The
primary goals of these antihypertensive drugs are to reduce the symptoms of HF and

hospitalization while preventing hypotensive reactions.
7



Diabetes and chronic kidney disease (CKD) are comorbidities that complicate
the treatment of HFpEF. Sodium-glucose co-transporter 2 (SGLT2) inhibitors have
been recommended when type 2 diabetes and/or CKD are present. Like MRAs, SGLT?2
inhibitors have demonstrated improvements in quality of life and reduced
hospitalization*®->°. Unfortunately, neither SGLT2 inhibitors nor MRAs reduce the rate
of mortality in patients with HFpEF*¢-%°, When SGLT2 and MRAs are contraindicated
for a patient, then angiotensin-converting enzyme (ACE) inhibitors and angiotensin Il
receptor blockers (ARB) are often used. Unfortunately, these medications do not appear
to reduce hospitalization or mortality in patients with HFpEF>:53,

Several other pharmacological agents used to treat cardiac conditions
associated with HF have generally been ineffective. Beta blockers are used to control
heart rate in AF and to treat hypertension but do not appear to reduce mortality rates>*.
Likewise, digoxin, which is used in the management of AF, does not appear to lower
rates of hospitalization nor mortality®>. Phosphodiesterase-5 inhibitors and nitrates
have been investigated as potential pharmacological agents to improve hemodynamic
responses with exertion; however, neither appear to improve exercise tolerance®*°” and
may even reduce physical activity levels®. Overall, there does not appear to be a
pharmacological therapy that is effective at lowering the mortality burden in the

population with HFpEF.

1.3.3 Prognosis

Morbidity is similar between patients with HFpEF compared to patients with
HFrEF; however, it is unclear if mortality is similar between patients with HFpEF or

HFrEF given that there are no effective therapies for the former. The rate and frequency
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of hospitalizations, symptomatic status, 6-minute walking distance, and quality-of-life
measures are similar between HFrEF and HFpEF"%%2 Data from hospitalized
patients suggest that mortality rates are similar between patients of HFpEF and
HFrEF®%83, Conversely, meta-analysis of community-based studies and trials seem to
indicate that mortality is lower in patients with HFpEF compared to HFrEF®*. The
cause of death, whether cardiovascular or non-cardiovascular, for patients with HFpEF
is varied. In population®® and community-based®® studies, the rate of non-
cardiovascular deaths is greater perhaps due to greater frailty and complications from
comorbidities. However, in the I-Preserve trial, mortality in patients with HFpEF was
twice as likely to be due to cardiovascular reasons than non-cardiovascular®’. Overall,
HFpEF may present as a less severe form of HF compared to HFrEF; however, the lack

of effective therapies for HFpEF may make this a more problematic form of HF.

1.4 Pathophysiology of HFpEF

1.4.1 Abnormal Cardiovascular Structure & Function

HFpEF is often associated with structural remodeling that adversely affects the
myocardium and connective tissue. A common characteristic of HFpEF is concentric
left ventricular hypertrophy, a thickening of the LV wall with a reduction in LV
chamber volume, which is thought be a result of elevated afterload and hormones (e.g.
aldosterone, angiotensin 1I, and/or catecholamines)®®®. Adverse cardiac remodeling
may lend itself to diastolic dysfunction such that the heart is unable to fill properly?,
which is often believed to be the main contributor to reduced stroke volume and cardiac

output in patients with HFpEF during periods of elevated activity.
9



HFpEF exhibits very different structural alterations than in HFrEF. Patients
with HFpEF often exhibit concentric LV hypertrophy with normal end diastolic
volume (EDV) at rest and increased wall thickness’*~"8, Conversely, patients with
HFrEF most frequently exhibit eccentric LV remodeling with an increase in EDV and
little to no increase wall thickness’®. These differences at the organ level correspond
to the differences seen at the cellular level. Cardiomyocytes from HFpEF demonstrate
greater diameter with no change in length, paralleling the increase in LV wall
thickness with the lack of change in LV chamber volume. Conversely,
cardiomyocytes from HFrEF exhibit greater length with no change in diameter,
paralleling the increase in LV chamber volume with no change in LV wall
thickness’®. Both HFpEF and HFrEF demonstrate stark differences in the
development of their structural abnormalities, yet both still exhibit inadequate cardiac
output during elevated workloads.

Collagen deposition and development of myocardial fibrosis may contribute to
myocardial stiffness’*#, a contributing component of diastolic dysfunction in HFpEF.
Patients with HFpEF can exhibit slightly more fibrosis compared to age-matched
healthy counterparts; however, many patients may not present with any fibrosis®’.
Conversely, patients with HFrEF may demonstrate degradation of collagen during
early stages of HFrEF that can change into an overall increase in collagen deposition
and fibrosis development during late stage HFrEF"37>76 Although collagen deposition
and fibrosis may contribute to diastolic dysfunction in HFpEF, they do not appear to

be a requirement.

10



Several abnormalities in diastolic function can occur in HFpEF. These can
include impairments to myocardial relaxation, impaired LV filling, greater LV filling
from atrial contraction, increased passive stiffness of the LV, reduced LV relaxation
capacity during exercise, and greater diastolic chamber and pulmonary venous
pressures at rest and during exercise’>’4768284  Any one of these symptoms would
result in reduced capacity for the LV to stretch appropriately and elevate diastolic
pressure. Furthermore, these would result in lower LV filling rate and volume,
shifting the burden of ventricular filling towards atrial contraction. Due to the
increased importance of the atrial contraction, patients with HFpEF are more sensitive
to tachycardia and alterations in atrial pacing. An increase in heart rate, such as
during exercise, shortens the diastole period and restricts diastolic filling in patients
with HFpEF328588 |n healthy individuals during exercise, increased heart rate and
cardiac output require faster LV filling, which is accomplished by faster LV
relaxation and lowering the LV diastolic pressure to create a greater LA-LV pressure
gradient®2, Patients with HFpEF or diastolic dysfunction in general have an impaired
LV relaxation, which reduces LV filling, and greater dependence on LA pressure,

which increases the risk for pulmonary congestion during exertion or exercise®.

1.4.2 Skeletal Muscle Abnormalities

Although exertional intolerance in individuals with HFpEF has been well
documented®®4, it is still largely unknown whether central or peripheral factors play
a greater role in this problem. Recently, it has been discovered that cardiac function
does not correlate well with the development of exercise intolerance in patients with

HFpEF®%. Conversely, skeletal muscle dysfunction has shown a greater association
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with exercise intolerance compared to diastolic dysfunction.*>%-° but the specific
mechanism is still unknown. Therefore, interventions targeting skeletal muscle may
have a greater impact on combating exertional intolerance in patients with HFpEF.

Patients with HFpEF have exhibited skeletal muscle changes that may impact
their ability to tolerate exertion. Magnetic resonance imaging (MRI) of thighs in
patients with HFpEF demonstrated that skeletal muscle and fat composition may have
an association with exercise intolerance'®. More specifically, patients with HFpEF
exhibited lower skeletal muscle/thigh compartment ratio and higher intermuscular
fat/skeletal muscle ratio compared to healthy controls'®. These results suggest an
occurrence of muscular atrophy as well as an increased fat deposition potentially
associated with adipose-related dysfunction. Moreover, biopsy samples from patients
with HFpEF demonstrate greater number of Type 1l fibers and less Type | fibers
compared to controls suggesting greater fatigability in the disease®®. Capillary density
was also lower in biopsy samples from patients with HFpEF than controls suggesting
diminished skeletal muscle perfusion®. Functionally, patients with HFpEF had lower
VO: peak, peak workload, and 6-minute walking distance compared to controls®1%,
Altogether, abnormal skeletal muscle composition and adiposity may be involved
with the exertional intolerance seen in HFpEF.

Several skeletal muscle alterations have been reported in rat models of
HFpEF. Skeletal muscle extracted from aortic-banded rats have demonstrated lower
muscle mass, slow twitch fiber proportion, and capillary density compared to sham
controls®®, Solei of salt-sensitive Dahl rats, a hypertension-based model of HF, have

exhibited greater fatigability and greater slow-twitch fiber atrophy than controls®,
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Similarly, solei and extensor digitorum longus (EDL) extracted from the ZSF1 obese
rat, a hypertension and obesity-based model of HF, was reported to have greater fiber
atrophy, lower capillary density, and lower force production than controls!®®, These
findings suggest that HF can elicit histological changes in skeletal muscle that could
contribute to muscle weakness implicated in the exertional intolerance characterizing
the disease or that the impairments in skeletal muscle could contribute to the

development of HF.

1.4.3 Potential Mechanism Leading to the Development of HFpEF

It is not entirely clear what the specific mechanisms are that lead to cardiac,
vascular, and peripheral dysfunction seen in HFpEF; however, hypertension appears to
have a significant impact on the development of this condition. Hypertension carries
the greatest risk for the development of HFpEF81%2L_ Chronic increase in LV afterload
as seen in hypertension may lead to concentric remodeling and hypertrophy that are
commonly featured in HFpEF'%. Arterial hypertension induces vascular remodeling
and arterial stiffness'® further increasing PVR and LV afterload. Importantly,
however, antihypertensive medications may prevent the development of HFpEF106-109
but do not appear to effectively reverse the condition or improve mortality once
developed'®. This suggests that while hypertension is important in the development of

HFpEF, it is not the singular mechanism behind this condition.

1.5 Animal Models of HFpEF

A commonly used small animal model for HFpEF is the salt-sensitive Dahl

rat’92110111 These animals were selectively bred from Sprague-Dawley rats that were
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hypersensitive to Na™ and exhibited the highest blood pressure!®, When fed a high
sodium diet, these animals develop ventricular hypertrophy, diastolic impairment,
pulmonary congestion, and hypertension'®?, all of which are symptoms of HFpEF.
Additionally, solei of salt-sensitive Dahl rats appear to demonstrate greater
fatiguability, slow-twitch fiber atrophy, and lower citrate synthase (CS) activity than
controls?®?, However, these rats have not been confirmed to demonstrate a key
characteristic of HF, exertional intolerance. When given free access to wheel-running,
salt-sensitive Dahl rats ran an average of 10 km/day*'! while Sprague-Dawley rats ran
a similar 9 km/day*'2. While the salt-sensitive Dahl rat may not recapitulate the
exertional intolerance seen in HFpEF, it may still be a suitable model for a subset
population of HFpEF.

Another rat model of HFpEF based on the comorbidities of hypertension and
metabolic syndrome, the ZSF1 obese rat, also demonstrates functional and histological
deficits. The obese ZSF1 rat exhibits exertional intolerance manifesting as lower VO2
peak!!314 and running distance!* compared to normotensive lean controls. These
animals also exhibit greater fiber atrophy, lower capillary density, and lower force
production in the soleus and extensor digitorum longus (EDL) than controls®®,
Moreover, cardiomyocytes from ZSF1 obese rats demonstrated slower contractile
properties than lean controls'!* further supporting that skeletal muscle alterations may
be a contributing factor in exertional intolerance. Lastly, ZSF1 obese rat aortas exhibit
lower compliance, impaired vasomotor response, and greater collagen deposition
compared to hypertensive and normotensive controls''® implying that systemic

impairments may be complementary to the central dysfunction in HFpEF. While the
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ZSF1 obese rat model recapitulates common comorbidities of HFpEF, discoveries from
this model may potentially only be generalizable to a particular population of HFpEF.

Transverse aortic constriction (TAC) surgery is a well-established surgical
technique for inducing chronic ventricular pressure overload and hypertrophy in
rodents*?, and simulates hypertension, which carries the highest risk for the
development of HFpEF in humans. Imposing this constriction leads to an increase in
afterload pressure that results in the development of concentric left ventricular
hypertrophy and diastolic dysfunction'®. Additionally, these animals develop
myocardial fibrosis, and some may develop pulmonary congestion!®, both of which
are symptoms of HFpEF. However, to our knowledge, the exertional tolerance of this
model has yet to be ascertained. Rats with aortic banding have exhibited skeletal
muscle alterations that suggest these animals could experience exertional intolerance.
More specifically, extracted skeletal muscle from aortic-banded rats exhibited lower
muscle mass, slow twitch fiber proportion, and capillary density compared to sham
controls!®t, Although exertional intolerance has not been confirmed in aortic-banded
rats, these adverse changes to cardiac and skeletal muscle tissue suggest that this could

be a possibility.

1.6 Mitochondrial Function in Heart Failure

1.6.1 Requlation of Mitochondrial Function

The activity of the mitochondrial energy system is modulated by alterations in
the relative differences in component forces. More specifically, mitochondrial

respiration is primarily dictated by the differences between redox potential, membrane
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potential, and the free energy of ATP (AGate). The mitochondrial system operates
through the accumulation of electron donors that transfer their electrons into the ETC
to generate a proton gradient. Depletion of this proton gradient via the ATP synthase is
used to generate ATP. The accumulation of electron donors represents redox potential
and results from the activity of dehydrogenase (DH) enzymes of the tricarboxylic acid
(TCA) cycle. This redox potential is used by the ETC to pump protons into the
intermembrane space of the mitochondria thereby creating a strong negative membrane
potential. Under ideal conditions, protons are allowed to flow back into the
mitochondrial matrix through the activity of the ATP synthase, which increases the
AGaTtp (more negative) by binding phosphate to ADP to produce ATP. In skeletal
muscle, the AGartp is reduced (less negative) through ATP breakdown that occurs
during muscular contraction. This reduction of AGarte acts as a “pulling” force, which
provides one way to stimulate oxidative phosphorylation during periods of elevated
contractile activity.

However, in cardiac mitochondria from healthy hearts, it has been reported that
AGatp fluctuates minimally if at all*'”11 and is generally maintained at a high level'Y’.
This is likely a result of physiological necessity as the heart is working continuously.
The specific mechanism by which oxidative phosphorylation is regulated in the heart
in response to changing demands is still unknown. However, because the heart is
critically reliant on aerobic metabolism, a tight matching (perhaps beat to beat) of
energetic production with energetic demand at the mitochondrial level is likely
important for the normal function and survival of the cardiac tissue. In isolated

mitochondria, ADP availability strongly promotes respiration, but ADP levels in
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cardiac tissue remain relatively stable!”°, While ADP may still play an important
role in regulation of energetic flux, other signaling factors may also a role in the
energetic regulation.

Ca?* has an important role in the contractile function of cardiomyocytes, and
the sarcoplasmic reticulum (SR) helps regulate a large pool of Ca?* 1%, Ca?" release
from the SR appears to coincide with each beat in healthy hearts*?!. Moreover, Ca®* is
also known to be a prominent activator of oxidative phosphorylation in the
mitochondriat??123, Specifically, it is known to promote the activity and conductance
of DHs'?12> ETC!%6 and ATP synthase!?’. The collective increase in these areas of
oxidative phosphorylation suggests that cardiac mitochondrial machinery may be
extremely efficient at coordinating ATP turnover with the help of Ca?*. This supports
the notion that cardiac mitochondria are capable of tightly matching the energetic
demands of the heart; however, more work is needed to ascertain the role of Ca?* in
energetic flux regulation in failing hearts.
1.6.1.1 Regulation of Intracellular Na*

Influx of Na" into cardiomyocytes can happen through Na® channels,
sarcolemmal Na*/H* exchanger (NHE), and sarcolemmal Na*/Ca?* exchangers (NCE).
Voltage-gated Na* channels are activated during the upstroke of an action potential.
During inactivation, Na* channels exhibit a persistent inward current. Na* entry
through these channels is dictated by the frequency of stimulation and the amount of
persistent Na* current!?®, It has been suggested that the rise in extramitochondrial Na*

in HF is primarily due to Na* influx via persistent Na* channels!?,

17



NHE uses the Na* gradient to extrude protons from the cardiac cell and is
stimulated when there is a buildup of H* ions within the cell**°. Different agonists can
activate NHE through phosphorylation to uptake Na* at different pH levels. Prolonged
activation of the NHE has been implicated in pathological cellular growth,
proliferation, and hypertrophy*?®13! put the specific mechanism is poorly understood.
It has been suggested that the NHE may assist in Na* influx in HF%,

The NCE extrudes 1 Ca?" ion for every 3 Na' ions by using the Na*
concentration gradient, which is lesser inside the cell, to extrude Ca?* out of the cardiac
cell. Activity of the NCE is dictated by the intracellular concentrations of Na* and Ca?*
as well as the membrane potential. Na* influx is positively and linearly correlated with
intracellular Ca?* concentration'®3, which is largely dictated by SR Ca?* current. It has
been reported that NCE expression and activity are increased in HF+% potentially
extruding more Ca?* from the cardiac cell.

Efflux of Na* out of the cardiac cell is dictated by the Na*/K* (NK) ATPase.
The Na*/K* ATPase uses the breakdown of ATP to exchange 3 intracellular Na* for 2
extracellular K*7_ It is currently inconclusive as to how the NK ATPase is affected in
HF. A graphical overview of the Na* and Ca?* transporters can be found in llustration
1.
1.6.1.2 Regulation of Mitochondrial Na* and Ca?*

The main Na* efflux pathway is through the mitochondrial Na*/H" exchanger
(NHX). During mitochondrial electron transport, protons are extruded out of the
matrix, creating a matrix that is more alkaline than the cytosol**. In isolated

mitochondria, the matrix pH has been reported to be around 7.1 to 7.8 when the
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extramitochondrial pH is set to 7.11*°. Furthermore, the NHX appears to operate close
to equilibrium in isolated mitochondrial?312°,

The mitochondrial Na*/Ca?" exchanger (NCXm) is the primary mitochondrial
influx and efflux pathway for Na*'?® and Ca?* 40, respectively. The NCXm is
electrogenic and exchanges 3 Na* into and 1 Ca?* out of the matrix**:44, It has been
reported that matrix Na* is lower than intracellular Na* *?®, Energized mitochondria
have a membrane potential ranging from -150 to 180 mV*?8, which, when coupled with
an inwardly directed Na* gradient, provides a large driving force for ejecting Ca?* out
and allowing Na* into the mitochondrial matrix'?8. Elevating extramitochondrial Na*,
which has been reported to be 3 fold greater in HF*?8, results in decreased matrix Ca®*
145 which reduces NADH generation'*®, The NCXm does not appear to be at
equilibrium in energized mitochondria because of the competing actions of the
mitochondrial calcium uniporter (MCU). Furthermore, the NCXm operates relatively
slowly in comparison to the MCU?, Inhibition of the MCU leads to reduced matrix
Ca?* that are like those calculated when NCXm is at equilibrium471%8 and inhibition
of the NCXm leads to increased NADH production in response to preserved matrix Ca%*
149 These findings suggest a regulatory role of the NCXm with mitochondrial Ca?* and,
in turn, its function.

The MCU is the primary Ca?" influx pathway for the mitochondria. The
uniporter has been reported to have a low affinity for Ca*, around 5 to 10 uM*°. It has
also been reported that intracellular Ca?* exists between 100 nM to 1 uM?*! so it was
believed that intracellular Ca®* could not rise high enough to activate the MCU.

However, it has been discovered that there are microdomains of high Ca?* that exist
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near the junction of mitochondria and the SR and these microdomains have
concentrations high enough to allow Ca?* influx through the MCU™2. During an
increase in work, there is greater Ca* entry via the MCU into the mitochondrial matrix
to activate dehydrogenases'®, ETC!%® and ATP synthase!?’ to increase ATP
production. However, it is unclear how and if Ca?* uptake via the MCU is altered and

what the specific interplay between the NCXm and MCU are in HF.

3 Na* Na* Ca**  Na*

2K*

Illustration 1. Overview of sarcolemmal and
mitochondrial transporters and the effects of
mitochondrial Ca? uptake. NCX. and NHE, is
equivalent to NCE and NHX in this dissertation. The
mitochondrial Na*/Ca?* exchanger (NCX,) and Ca?*
uniporter (MCU) are the primary controllers of the matrix
Na* and Ca?* concentrations. Matrix Ca?* activates TCA
cycle enzymes (NADH production) as well as ETC
conductance and ATP synthase (NADH utilization).
Adapted from Murphy & Eisner (2009).

1.6.2 ROS Production in Hearts

Oxidative stress has been implicated in the development of heart disease, and
cardiac mitochondria are thought to contribute to this oxidative stress through the
production of reactive oxygen species (ROS)***. More specifically, electron leak from
the ETC is the largest contributor of ROS production in the heart'®. The greatest

amount of leak occurs when there is a large pool of electron donors and a large
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membrane potential resulting in low flux for electrons passing through the ETC®. In
this situation, the ETC is maximally reduced and endogenous mitochondrial
antioxidants exhausted®%’ and electrons become long-lived thereby increasing the
probability that they leave spontaneously with an Oz molecule from the ETC as
ROS™® This situation occurs when the energetic environment surrounding the
mitochondria is high and reduces flux through the oxidative phosphorylation
pathway'?3. Sedentary behavior expends less energy and demands less mitochondrial
activity resulting in lower flux through the oxidative phosphorylation pathway. As a
result of this sedentary behavior and lower flux, electrons are more likely to escape the
ETC as ROS and react non-specifically to promote atherosclerotic progression, activate
remodeling factors, and reduce antioxidant capacity®, all of which could potentially
contribute to the development of HFpEF .

Conversely, ROS production may be low during periods of elevated physical
activity. In this situation, Ca?* signaling and ATP turnover are greater, stimulating the
mitochondria to increase energetic flux through the oxidative phosphorylation
pathway'?3. Electrons are donated and quickly pass through the ETC in an attempt to
maintain the proton gradient, which is used to sustain the ATP pool. Because the
electrons are quickly shuttled through the ETC, there is less probability for them to
spontaneously leave the ETC as ROS!23156.161 Therefore, physical activity leads to

greater mitochondrial activity but lower ROS production.

1.6.3 Cardiac Mitochondria in Animal Models of Heart Failure

The ZSF obese rat model of HFpEF exhibits molecular handling alterations that

may contribute to cardiac mitochondrial dysfunction. Mitochondrial Ca?*
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concentrations in ZSF1 obese cardiomyocytes at baseline, end-diastole, and end-
systole were all greater than ZSF1 lean controls*'4. Furthermore, the rise time in
mitochondrial Ca?* concentration is longer in the ZSF1 obese cardiomyocyte!!*
suggesting slower Ca?* influx possibly due to reduced MCU sensitivity or activity.
Lastly, ZSF1 obese cardiomyocyte mitochondria were more prone to Ca?* swelling'*4,
an indication of mitochondrial stress, than lean controls. Together, these findings
suggest there may be impaired Ca?* handling in mitochondria of HFpEF that might
contribute to mitochondrial dysfunction.

Elevated Na® in HF has been thought to adversely alter mitochondrial
bioenergetics by reducing the accumulation of matrix Ca?* through the activity of the
mitochondrial Na*/Ca* exchanger (NCXm). Cardiomyocytes taken from aortic
constricted guinea pigs demonstrated elevated levels of Na* and NADH oxidation°.
Treatment with mitochondrial NCXm inhibitor CGP-37157 or lowering intracellular
Na* concentration prevented NADH oxidation*°. HF cardiomyocytes from guinea pigs
appear to increase ROS production, which may play a role in the pathological
development of HF, when Na* levels are elevated'®2. Moreover, blocking NCXm
activity appears to prevent ROS production in HF cardiomyocytes from guinea pigs*®2.
Taken altogether, the opposing relationship between Na* and Ca?* have a great impact
on mitochondrial bioenergetics and requires further investigation into their specific role
in HFpEF.
1.6.3.1 Potential Role of Na* and Ca?* in Heart Failure Mitochondria

Elevated intracellular concentrations of Ca?" and Na* have been reported in

cardiomyocytes from animal models and patients with HF'?132 and are thought to
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contribute to altered mitochondrial function32163164 yltimately resulting in diminished
ATP production. During an increase in contractile activity, intracellular Ca?
concentration rises and results in greater crossbridge cycling. This increase in
intracellular Ca?* subsequently stimulates the mitochondrial Ca?* uniporter (MCU) to
allow the influx of Ca?* into the mitochondrial matrix. Ca®" is a critical signaling
molecule for the matching of ATP demand with production. Increasing mitochondrial
matrix Ca?* activates DH enzymes that increase NADH production'®®1%¢ elevate ETC
conductance®’, and increase ATP synthase activity*?’. Given that elevated intracellular
Na* has been observed in HF, it has been thought to decrease matrix Ca?* by extruding
Ca?* from the mitochondrial matrix through the Na*/Ca?* exchanger (NCXm)28168,
thereby diminishing activation of ATP production. Indeed, in the absence of
extramitochondrial Ca?*, increasing extramitochondrial Na* is capable of decreasing
matrix Ca?* and maximal respiration in isolated ventricular mitochondria'**. Moreover,
in the presence of elevated intracellular Na*, mitochondrial Ca?* uptake has been
reported to be diminished in isolated cardiomyocytes resulting in a reduction of
available NADH with workload demand®® and ROS formation been reported to be
increased in both healthy and failing cardiomyocytes®?. However, intracellular Ca?*
is also reportedly elevated in HF'? and would, in theory, stimulate Ca2* influx into the
mitochondrial matrix and activate the ATP production pathway. Therefore, the
interplay of elevated Na* and Ca?* in HF is not well understood and warrants further

investigation.
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1.6.4 Skeletal Muscle Mitochondria in HFpEF

Aortic-banded rats may have adverse mitochondrial changes in the skeletal
muscle. Myofibers from aortic-banded rats demonstrated lower mitochondrial
respiration'®* and Complex IV activity’® suggesting impairments in oxidative activity.
Citrate synthase (CS) activity, mitochondrial creatine kinase (mi-CK) content, and mi-
CK activity were lower than in control, suggesting less mitochondrial content in
HFL170 - Moreover, expression of factors for mitochondrial transcription and
biogenesis were less in aortic-banded rats than sham'’®, further suggesting impaired
mitochondrial potential in skeletal muscle of HF.

Reduced reliance on aerobic metabolism may be related to mitochondrial
alterations. Patients with HFpEF undergoing exercise tests demonstrated lower VO2
peak and walking distance compared to healthy controls!’t. Muscle biopsies from the
quadriceps of these same patients demonstrated that expression of porins, outer
mitochondrial membrane proteins, and mitofusin-2, regulatory protein for
mitochondrial fusion, were lower in patients with HFpEF than healthy individuals.
Furthermore, CS activity was lower in HFpEF samples than controls*’t. Together,
skeletal muscle mitochondria in patients with HFpEF may be lower in quality and
quantity, which may be contributing to the deficits in exercise capability. An
investigation into the quadriceps of patients with HFpEF performing static exercise
using magnetic resonance spectroscopy revealed that the muscle of these patients
reached a similar metabolic state earlier and at a lower workload than controls®
suggesting a reduced ability to cope with metabolic demand. Additionally,
phosphocreatine recovery time was longer in patients with HFpEF than controls®
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suggesting diminished oxidative capabilities. Altogether, oxidative capacity may be
compromised in skeletal muscle and may mediate, in part, the faster onset of muscular

fatigue in patients with HFpEF.
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Chapter 2: Calcium Activation of Isolated
Mitochondria from Rat Hearts is Preserved Despite

Heart Failure Levels of Extramitochondrial Sodium

2.1 Introduction

Heart failure (HF) is characterized by the inability of the heart to provide
adequate cardiac output to meet their body’s demand for fuel and oxygen. The
myocardium of the heart is reliant upon cardiac mitochondria to generate sufficient
ATP to fuel this highly metabolically active tissuel’?. Hence, it is thought that
insufficient mitochondrial ATP production may play a role in myocardial dysfunction
and contribute to reduced cardiac output in HF. A variety of mitochondrial defects have
been described in both human?17-17 and experimental modelst32170176.177 of HF,
suggesting mitochondrial function may be adversely altered and contribute to the
cardiac dysfunction in HF8,

A hallmark characteristic of HF is exertional intolerance where performing
activities brings about, or exacerbates, symptoms of dyspnea and/or fatigue. Exertional
intolerance is associated with lower quality of life and increased mortality’®.
Compromised cardiac output during physical exertion, manifesting as reduced cardiac
reserve, has been considered a key limitation in individuals with HF*®° and implicated
in exertional intolerance. If cardiac mitochondria are unable to increase their rate of

ATP production to match the demand, this may, at least in part, explain reduced cardiac
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reserve in individuals with HF. Therefore, an examination of how mitochondrial
function is altered across a range of demands in HF is critical.

Mitochondria reside inside ventricular myocytes and utilize oxygen in the
process of synthesizing ATP. Mitochondria respond to intracellular signals, and
therefore, mitochondrial function is a product of both the mitochondria itself and the
environment in which it resides. Indeed, molecular alterations occurring within the
ventricular myocytes in HF may shed light on the cause of functional deficits occurring
in this disease. Ca?* and Na* are of particular interest as they play a role in activating
mitochondrial respiration and are altered in HF!28162.181,

Ca?" is a critical signaling molecule for the matching of energetic production
with demand within cardiac tissue. During an increase in cardiac work, Ca?* influx into
the cardiomyocyte facilitates the sarcoplasmic reticulum (SR) to release Ca?",
collectively raising cytosolic Ca?* concentration. Elevated cytosolic Ca?* not only
allows for crossbridge cycling and myocardial contraction, but it leads to mitochondrial
Ca?"influx through the mitochondrial uniporter (MCU), which increases mitochondrial
matrix Ca?* and activates dehydrogenase enzymes'® to increase NADH
productiont®>%, Furthermore, increasing mitochondrial matrix Ca* promotes electron
transport chain (ETC) conductance®” and ATP synthase activity!2”1%, Therefore, the
Ca?" influx into the mitochondrial matrix during elevated cardiac activity helps match
ATP production in the mitochondria with ATP utilization in the ventricular
myocytest?’157.162

Mitochondrial Ca?* efflux primarily occurs via the Na*/Ca®** exchanger

(NCX)!28:149.168.169 "\which exchanges intracellular Na* with matrix Ca®* to lower the
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mitochondrial Ca?* concentration. Intriguingly, it has been reported that the rate of Ca?*
efflux via the NCXm occurs much more slowly than Ca?* influx via the MCU83-18,
Further complicating the interplay between these two transporters is the fact that the
activities of both transporters are linked to the mitochondrial membrane potential: Ca?*
influx via MCU is driven by the mitochondrial membrane potential*®®!8” and Ca?*
efflux via the NCXm is inhibited by mitochondrial depolarization&18°,

Elevated intracellular Na* in ventricular myocytes has been reported in HF?8
and has been implicated in altered myocardial function'®21%-192 and disrupted
energetics. It has been suggested elevated intracellular Na® could decrease
mitochondrial matrix Ca2* concentration and blunt the Ca?*-mediated stimulation of
oxidative phosphorylation and ATP production. Many investigation have demonstrated
that elevating extramitochondrial Na* concentration reduces matrix Ca?* and maximal
respiration in isolated mitochondria, particularly in the absence of extramitochondrial
Ca?*134193-1%5 "However, as mentioned above, experimental data suggest the NCXm
operates approximately ten times slower than the Ca?" influx pathway of the
MCU 4185 Moreover, elevated extramitochondrial Ca?* drives Ca?* influx via the
MCU. An increase in matrix Ca?* promotes a large negative membrane potential,
thereby further increasing Ca?* influx'®. Lastly, diastolic Ca?* has also been reported
to be elevated in HF*?, perhaps compensating for the fact elevated Na* is promoting
Ca?* extrusion from the matrix via the NCXm.

A primary goal of this investigation was to compare the effects of normal and
elevated extramitochondrial Na* concentration on the function of mitochondria isolated

from ventricular tissue across a large range of extramitochondrial Ca?* concentrations,
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examining the combined effects of elevated Na* and Ca?* together. Therefore, the
purpose of this study was to determine if applying the ionic conditions of HF alone are
sufficient to adversely impact mitochondrial function. In the present study, we assessed
mitochondrial function in the presence of elevated Na* and Ca?* to mimic the cellular
environment of HF. The results demonstrated that the mitochondrial activating effects
of Ca?* still occur despite elevated Na* in healthy ventricular mitochondria suggesting
that the ionic conditions of HF alone are not sufficient to disrupt mitochondrial

function.

2.2 Methods

2.2.1 Mitochondrial Isolation from Cardiac Tissue

All protocols for animal handling were approved by the University of
Maryland’s Institutional Animal Care and Use Committee (IACUC). The University
of Maryland at College Park is an AAALAC-accredited institution. A total of 32 male
Sprague-Dawley (SD) rats (Hilltop Labs, Inc.) aged 4-8 months were used for the
experiments. 9 animals were used in the Ca?* dose response experiments and 23 were
used for submaximal mitochondrial respiration experiments. On the day of
experimentation, a rat was anaesthetized with 2-4% isoflurane and placed supinated on
the surgical area. After the cessation of pain reflexes, the thoracic cavity was opened,
and the heart located and quickly excised. The heart was rinsed, cannulated, and
perfused with an isolation buffer containing (in mM) 280 sucrose, 21 EGTA, 10

HEPES, and 1 K2EDTA at 4°C and pH = 7.1 to flush out blood.
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The heart was trimmed down to ventricular tissue, minced, and transferred to a
separate beaker containing 8.5 mL of ice-cold isolation buffer and 2.5 mg protease
(Subtilisin A, Sigma-Aldrich). 1.26+0.07g (meanxSE, n=32) of ventricular tissue was
used for mitochondrial isolation. The tissue was further minced manually with scissors
for 7 minutes, and the protease digestion was terminated with the addition of 10 mL
isolation buffer. The tissue was subjected to homogenization (6,000 rpm) for 30 sec,
and the resulting homogenate was centrifuged at 700g for 10 min at 4°C. The
supernatant was transferred to a separate centrifuge tube. To improve mitochondrial
yield, the pellet was resuspended in 20 mL of isolation buffer and was spun again at
700g for 10 min at 4°C, and the resulting supernatant was combined with the
supernatant from the first spin. The combined supernatants were then centrifuged at
10,0009 for 10 min at 4°C to pellet the mitochondrial fraction. The resulting pellet was
resuspended in 15 mL of isolation buffer using a Dounce homogenizer. The suspension
was centrifuged again at 7,500 g for 10 min at 4°C. The resulting final pellet was
resuspended with 400 pL of suspension solution containing (in mM) 137 KCI, 10
HEPES, 2.5 MgClI2, 0.5 EDTA at pH = 7.1. Protein concentration of this suspension

was assessed using a Thermo Scientific Pierce BCA Protein Assay kit.

2.2.2 Bioenergetic Assessment of Cardiac Mitochondria

The mitochondria isolated from cardiac tissue allowed for the investigation of
the effects of altered extramitochondrial ionic conditions on mitochondrial function.
Mitochondrial oxygen consumption (Jo) was measured continuously using a Clark
electrode in a custom-instrumented water jacketed chamber (World Precision

Instruments) maintained at 37°C. Isolated mitochondrial suspension (~20 pg) was
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added to the chamber containing 1.2 mL of a respiration media (RM) comprised of (in
mM) 100 KCI, 50 MOPS, 20 glucose, 10 MgClz, 1 EDTA, and 0.2% (w/v) BSA, 37°C,
pH=7.0 126196197 " 35 was recorded on ADInstruments LabChart 8 software.

First, the effect of elevated extramitochondrial Na* on Ca?* activation of
respiration was assessed. Mitochondria were incubated in RM containing 5 mM or 15
mM Na* for 5 min to mimic the extramitochondrial environments of either healthy (5
mM) or elevated (15 mM) Na* and to deplete mitochondrial matrix Ca?*. After
depletion, 10 mM Pi was added to the chamber, followed by 10 mM glutamate and 1
mM malate. Following the addition of fuels (glutamate+malate), Ca** was added in
separate trials to the chamber to generate total Ca®* concentrations of 0, 0.17, 0.31,
0.62,0.92, 1.25 mM. A bolus of 1.6 mM ADP was then added to the chamber to initiate
max Jo (State 3) and the chamber oxygen content was depleted to anoxia. In a subset
of experiments, mitochondria were incubated for 5 min in 5 mM Na* (mimicking the
low Ca?* condition), and then an addition of 10 mM Na* was added just prior to adding
Pi.

For submaximal mitochondrial respiration experiments, in addition to Jo,
mitochondrial reduction-oxidation (redox) status and mitochondrial membrane
potential (AW) were continually monitored. NADH fluorescence within the chamber
was assessed using a bifurcated cable connected to a UV light source for excitation
while emitted light was collected with an QE Pro spectrometer and recorded using
OceanView software (Ocean Optics). NADH reduction level was calculated in relation
to the fully oxidized state (Ca?*-depleted mitochondria with ADP and Pi but without

substrates) and fully reduced state (mitochondria with substrates and Ca®* during
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anoxia) %, and percent NADH reduction was analyzed through custom code on
MATLAB software (MathWorks).

Mitochondrial membrane potential (A¥) was assessed using a TPP* sensitive
electrode (World Precision Instruments), which monitors the distribution of the
lipophilic cation TPP* across the inner mitochondrial membrane 2612, Prior to the
addition of mitochondria to the RM, a TPP* standard curve was created (1, 2, 3, and 4
pUM). The addition of mitochondria decreased the TPP* signal as TPP+ distributed
across the inner mitochondrial membrane in proportion to A¥W. A schematic overview
of the setup for mitochondrial assessments can be found in Illustration 2.

Intermediate steady-state Jo was established by stepwise alteration of the
ATP:ADP ratio, and thus the Gibbs free energy of ATP (AGatp), to determine the
sensitivity of the mitochondria to respond to the extramitochondrial energetic
environment. This was accomplished using the creatine kinase (CK) energetic
clamp!26:198.197 - Ag with Ca®* dose-response experiments, mitochondria were incubated
with 5 mM or 15 mM Na* for 5 minutes, as described above, then 10 mM Pi and 125
UM ADP were added to achieve maximal mitochondrial oxidation. Next, 10 mM
glutamate and 1 mM malate were added to the chamber. The CK reaction was used to
respire the mitochondria at various ratios of ATP:ADP by manipulating the
phosphocreatine (PCr):creatine (Cr) ratio. To do so, the chamber was loaded with 5
mM Cr, 5mM ATP, 2.5 mM PCr, and excess CK. Subsequently, stepwise titrations of
PCr, resulted in PCr:Cr ratios of 0.5, 1.0, 1.5, 2.0, 3.0, and 4.0. From this, the free
energy of ATP hydrolysis can be calculated as follows:

AGatp = AGaTp® - 2.3RT log[[PCr]Kck/([Cr][Pi])]
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where AGatp® is the standard AGarte (-7.592 kcal/mol), R is the gas constant (1.987
cal/K/mol), and T is the temperature (310 K)%, Jo, NADH, and AY were recorded for
each resulting AGate from PCr additions, allowing for a determination of the
responsiveness of respiration to mitochondrial driving forces in the presence of healthy

(5 mM) or elevated (15 mM) Na*, both in the absence and presence of Ca?*.

/'/\

Voltage
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UV Light

Source Membrane Potential

l/ Mitochondrial
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Spectrometer T I Oxygen Sensor I

Redox Potential Oxygen Consumption Rate

Illustration 2. Schematic of mitochondrial respiration chamber
instrumentation. Isolated mitochondria are placed in a chamber of
respiration media and are assessed for mitochondrial forces (i.e. redox
and membrane potential) and flux (oxygen consumption rate).

2.2.3 Driving Forces and Pathway Conductance

An estimate of the effective conductance of each region of active oxidative
phosphorylation was derived from the force-flow interaction of each component of the
oxidative phosphorylation pathway as described previously'?61%1%  The driving
forces are determined from the AY and reduction (redox) potential derived from NADH
oxidation, while Jo provided the flux through the pathway.

The redox potential of the redox pair in the mitochondrial complex (En) can be
determine with

En = Em + 2.3(RT)/nF) x log ([oxidized]/[reduced])
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where Em is the redox midpoint potential (-320 mV for NAD/NADH and 820 mV for
02/H20), n is the number of electrons transferred, and F is the Faraday constant (23.062
cal/mV/mol). The free energies for redox, A¥, and ATP were calculated as
AGredox = -nF(AEn + AY)
AGay= -mFAY

AGAaTP = pAGATPe
assuming that a molecule of NADH donates two electrons (n) to the ETC leading to
ten protons pumped into the intermembrane space (m) that will eventually be shuttled
back to the matrix to produce 2.7 ATP molecules (p).

It was assumed that flux through oxidative phosphorylation varied in

accordance with the thermodynamic driving forces and is represented as

J=L(AG1 - AG2)
where J is the flux down the pathway, L is the conductance of the component pathway,
and AG1 and AG: represent the respective front- and back-end driving forces of the
component pathway. Concurrent measurement of the thermodynamic driving forces
(AGredox, AGay, and AGatp) and oxygen flux (Jo) allows for the calculation of
conductance for the full oxidative phosphorylation pathway (AGredox — AGaTp) and its
two major components, ETC (AGredox — AGay) and ATP synthesis/transport (AGay —

AGATP).

2.2.4 ROS Assay

To assess the production of reactive oxygen species (ROS) released from
healthy ventricular mitochondria in the presence of healthy (5 mM) and elevated (15

mM) Na*, mitochondria were respired at three intermediate rates and the resulting H202
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release was assessed using Invitrogen Amplex Red %. An assay buffer (200 pL)
comprised of RM, 10 mM G, 1 mM M, 50 uM Amplex Red, and 0.1 U/mL Horseradish
Peroxidase was added into each standard curve and experimental wells in a 96-well
plate. Experimental wells were prepared with 5 mM Cr, 5 mM ATP, excess CK, and
either 2.5, 5, 15 mM PCr, mimicking 3 respiration rate conditions from above. A subset
of wells contained the ATP synthase inhibitor oligomycin (2 pug Oligomycin) to
stimulate maximal ROS production. Isolated mitochondrial suspension was then added
to both standard curve wells (run daily) and experimental wells. The plate was shaken
for 30 sec and transferred to a fluorescence plate reader, incubated at 37°C, and
fluorescence (excitation 550 nm, emission 590 nm) was recorded every 5 minutes at

for 35 min.

2.2.5 Statistical Analysis

Statistical analyses were performed using GraphPad Prism 7 and IBM SPSS
Statistics Version 28.0.0.0. Differences in maximal respiration, intermediate
respiration, conductance, and ROS production were assessed using a using a two-way
(healthy vs. failing [Na*] x present vs. absent Ca?*) repeated measures ANOVA. A p
value of 0.05 was used to determine statistical significance. A broad overview of the

study design can be found in Illustration 3.
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Illustration 3. Schematic overview of Study #1.
Isolated cardiac mitochondria from wild type rats
were incubated with healthy or failing [Na®] to
see the effect of Na* on mitochondrial function.

2.3 Results

2.3.1 Mitochondrial Isolation

Mitochondria were isolated from 1.26+0.07g ventricular tissue, and
mitochondrial yield was 23.42+1.18 mg mitochondrial protein per g ventricular tissue

(n=32).

2.3.2 Effect of Elevated Extramitochondrial Na* on Ca?* Activation of

Respiration

Mitochondria were incubated in RM containing healthy (5 mM) or elevated (15
mM) Na*, and then stimulated with a bolus of ADP to initiate maximal respiration in
the presence of a range of extramitochondrial Ca?* concentrations. Incubation in the
absence of extramitochondrial Ca?" resulted in low respiration rates, as expected, and
increasing the total Ca?* concentration up to 1.25 mM resulted in maximal stimulation

of mitochondrial respiration. Extramitochondrial Na* concentration did not alter the
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Ca?" concentration that achieved maximal mitochondrial respiration nor did it alter

respiration rates across any of the Ca?* concentrations (Figure 1).

A Jo vs. [Ca?']
600-
-~ 5mM Na*

'E -0- 5mM + 10mM Na*
= 4004 P
E‘: ! ‘A 15mM Na
=§ T
£ 200-
(o]
S

0 j & T 1

0.0 0.5 1.0 15

Ca?* (mM)
Figure 1. Response of mitochondrial respiration to increasing [Caz’] when incubated in healthy
or failing [Na*]. Maximal Jo was not different between 5 and 15mM [Na*] incubations across [Ca®*] of
0.17,0.31,0.62, 0.92, & 1.25mM . Split additions of Na* (5mM + 10mM Na*) resulted in no difference in
Jo compared to 5 and 15 mM [Na*] incubations. Maximal Jg was greatest with 0.62mM of Ca®* activation
under all conditions.

2.3.3 Submaximal Mitochondrial Function in Response to Ca?* and

Elevated Na*

Isolated cardiac mitochondria underwent submaximal respiration assay using a
CK energetic clamp that resulted in extramitochondrial ADP concentrations of 8.33,
11.11, 16.67, 22.22, 33.33, and 66.67 mM, which resulted in extramitochondrial Gibbs
free energy of ATP hydrolysis (AGatre) values of -13.1, -13.5, -13.8, -14.0, -14.2, and
-14.4 kcal/mol. Mitochondrial respiration increased with increasing concentrations of
ADP (p<0.001); however, this increase was blunted in the absence of Ca?* (p<0.001;
Figure 2A). Respiration rates did not differ between healthy (5 mM) and elevated (15

mM) Na*, in the absence or presence of Ca?* (p=0.410; Figure 2A).
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The Eadie-Hofstee plot of these data allowed for the determination of the
predicted maximal respiration by calculating the y-intercept of the Jo/ADP:Jo
relationship (Figure 2B). The calculated Vmax values were not significantly different
(p=0.7699) between 5 mM (meantSE, 204.4+£5.7 nmol/mg/min) and 15 mM
(228.2+5.8 nmol/mg/min) Na* incubations without Ca?*. Moreover, the addition of
maximal Ca?* activation demonstrated no significant difference (p=0.1657) in
predicted maximal respiration of 5 mM Na* incubation (409.0+14.8 nmol/mg/min)
compared to 15 mM Na* incubation (454.3+10.02 nmol/mg/min). These data
corroborate the findings of maximal respiration stimulated with ADP reported in Figure
1. Using the same data, the results were reorganized into an Eadie-Hofstee plot (Figure
2B). Without Ca?*, Vmax did not differ significantly (p=0.7699) between 5 mM Na*
(198.9 = 6.9 nmol/mg/min) and 15 mM Na* (218.5 + 12.71 nmol/mg/min). Similarly,
Vmax did not differ significantly (p=0.1657) between 5 mM Na* (390.3 + 22.44
nmol/mg/min) and 15 mM Na* (462.6 + 12.21 nmol/mg/min) in the presence of Ca?*.
Predicted maximal mitochondrial respiration was determined to be significantly greater
(p<0.001) in all incubations involving the final chamber [Ca?*] of 0.62 mM compared

to Ca®* absent conditions.
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Figure 2. Mitochondria demonstrate similar kinetics when incubated with healthy or failing [Na']. A) Michaelis-Menten
plot demonstrating Ca?* activation increases Ky, similarly between 5mM and 15mM Na™. B) Eadie-Hofstee plot demonstrating a

greater V., with Ca?* activation with 5mM and 15mM Na* incubations.

Submaximal respiration from the CK clamps demonstrated that 0.62 mM Ca2*
was sufficient to significantly increase submaximal respiration from AGatp of -13.1
kcal/mol to -14.2 kcal/mol in 5 mM Na* incubation conditions (p<0.05) and from
AGatp of -13.1 kcal/mol to -13.9 kcal/mol in 15 mM Na* incubation conditions

(p<0.05) (Figure 3A). No significant differences were found between 5 and 15 mM Na*
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incubation, regardless of Ca?* condition, across all AGatp perturbations. The addition
of Ca?* increased the relative pool of reduced NADH (Figure 3B) and hyperpolarized

the mitochondrial membrane potential (Figure 3C) at a given submaximal respiration
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400 Figure 3. Ca®* acti itochondrial respiration and the driving
- * 5mMNa’ forces similarly in the presence of healthy and failing [Na']. A) Calcium
E 300 -©- 5mMNa' + Ca®' activation elevates Jg across AGurp from -13.1 to -14.2 kcal/mol with 5mM Na*
TE:a -+ 15mM Na* incubation (*p<0.05) and from -13.1 to -13.9 kcal/mol with 15mM Na* incubation
3 200 A 15mM Na* + Ca?* (*p<0.05). B) Calcium activation increases the relative pool of reduced NADH for a
E given Jg, similarly between 5mM and 15mM Na* incubations C) Calcium activation
K 100 hyperpolarizes membrane potential (Ay) for a given Jg similarly between 5mM and
N 15mM Na* incubations.
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2.3.4 Mitochondrial Conductance

Mitochondrial respiration is the product of conductance and energetic potential;
therefore, conductance represents the slope of mitochondrial respiration against a
specified energetic difference (Figure 4). There was a main effect of Ca?* on improving

the conductance (in nmol/mg/min/kcal/mol) of the full oxidative phosphorylation
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pathway (AGredox — AGaTp; p<0.0001; Figure 4A) in both 5 mM Na* incubations (-35.2
+8.5vs. -81.5 £ 8.6) and 15 mM incubations (-39.7 £ 5.3 vs. -102.2 + 9.0). Conversely,
there was no main effect of Na* (p=0.1274) nor interaction effect of Na* and Ca?
(p=0.3196) on conductance of the oxidative phosphorylation pathway. When
examining the conductance of the electron transport chain (ETC) specifically (AGredox
— AGav; Figure 4B) Ca?" had a main effect of increasing the conductance (p=0.0003)
in both the 5 mM Na* (-122.6 + 28.6 vs. -325.3 £ 72.8) and 15 mM Na* incubations (-
132.1 + 36.9 vs. -392.1 + 69.5). There was no effect of Na* (p=0.4981) nor interaction
effect of Na* and Ca?* (p=0.6096) on ETC conductance. Lastly, there was a main effect
of Ca?* on ATP synthase/adenine nucleotide translocase (ANT) conductance (AGay —
AGatp; p<0.0001) for both 5 mM Na* (-53.4 £ 13.1 vs. -121.2 £ 17.4) and 15 mM Na*
conditions (-56.7 + 6.5 vs. -144.4 + 12.2). There was no main effect of Na* (p=0.3155)

nor interaction effect of Na* and Ca?* (p=0.4495) on ATP synthase/ANT conductance.
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Figure 4. Effect of healthy and failing

[Na*] and Ca?* on the activation state
of each component of the
mitochondrial energy transduction
pathway. Slopes of the regressions
represent conductances of each
condition. A) Conductance of the
oxidative phosphorylation pathway is
significantly improved with Ca®*
activation similarly between 5mM and
15mM Na* incubation. B) Conductance
of the electron transport chain is
significantly improved with Ca?*
activation similarly between 5mM and
15mM Na® incubation. C) Conductance
of the ATP synthase and ANT is
significantly improved with Ca?*
activation similarly between 5mM and
15mM Na* incubation. (*p<0.01). No
significant differences were observed in
conductances between 5mM and 15mM

Na® conditions.

2.3.5 ROS Production in Response to Ca®* and Elevated Na*

ROS production was measured by Amplex Red assay for H202 production in

isolated rat cardiac mitochondria (n=7). The results demonstrated no main effect of Na*

and nor interaction effect of Na* with Ca?* at AGatp 0f -13.1, -13.6, and -14.1 kcal/mol.

However, there was a main effect of Ca?* on H202 production at AGate of -13.1

kcal/mol (p=0.048; Figure 5A), which significantly increased production of H202 from

168.17+38.08 to 426.57+133.54 pmol/mg/min in the 5 mM Na* conditions and from
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188.66+114.12 to 514.79+164.52 in the 15 mM Na" conditions. H202 production
tended to increase (p=0.066) from 166.16+38.73 to 485.61+£164.78 pmol/mg/min at -
13.6 kcal/mol and 224.13+44.23 to 626.30+£207.57 pmol/mg/min at -14.1 kcal/mol
(p=0.065) in the 5 mM Na* conditions with Ca?". Similarly, in the 15 mM Na*
conditions with Ca?*, H202 production tended to increase from 215.02+45.56 to
503.56+157.08 pmol/mg/min at -13.6 kcal/mol (p=0.066). and 272.46+£78.64 to
610.72+206.31 pmol/mg/min at -14.1 kcal/mol (p=0.065). The percent free radical leak
was no different between 5 mM Na* and 15 mM Na* at AGate of -13.1 (p=0.260), -
13.6 (p=0.700), and -14.1 kcal/mol (p=0.512). No main effect of Ca®* nor interaction
effect of elevated Na* and Ca?" was observed on percent free radical leak. The
conductance (in pmol/mg/min/kcal/mol) through the H202 leak pathway was not
significantly different (p=0.260) between 5 mM Na* (174.8£57.7) and 15 mM Na*
(151.0+60.4) conditions (Figure 5C). There was no main effect of Ca?* on conductance
through the H202 leak pathway between Ca?* present (232.8+ 87.0) and Ca?* absent
conditions (93.0+34.5); however, this trended towards significance (p=0.067). No
interaction effect of Na* and Ca?* was observed in the conductance of the H20: leak

pathway.
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2.4 Discussion

It has been reported that cardiac tissue from animal models and patients with
HF have elevated levels of intracellular Na* and Ca?* 1?8132 which has been theorized
to adversely alter mitochondrial function'®2. The present study addresses whether
failing levels of Na" in combination with Ca?" is sufficient to adversely impact
mitochondrial function in isolated cardiac mitochondria from healthy male rats. To our
knowledge, this is the first study of its kind to investigate the combined effects of Na*
and Ca?* on mitochondrial function isolated from healthy rat hearts.

By isolating cardiac mitochondria, we were able to introduce and control the
specific extramitochondrial conditions and observe the effects. More specifically, we
incubated isolated mitochondria from healthy rat hearts in either control (5 mM) or HF
levels (15 mM) of Na* and observed whether Ca?*-activated mitochondrial function
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was adversely affected under maximal and submaximal conditions. Our findings
demonstrate that Ca* activation of cardiac mitochondria is preserved regardless of the
extramitochondrial levels of Na*, therefore, suggesting that an elevated
extramitochondrial Na* alone or in combination with Ca?* is insufficient to diminish
ATP production thought to occur in HF. Contradictory to our findings, maximal
mitochondrial respiration was reduced in isolated mitochondria from healthy rat hearts
when exposed to low and high levels of Na*%. More importantly, addition of
extramitochondrial Ca?* was able to reverse the Na* depressant effects’®®, which
supports our finding that elevated Na* alone cannot alter mitochondrial function in the
presence of physiological levels Ca?*. However, this does not preclude the possibility
that prolonged elevated intracellular Na® may elicit changes in ion transporter
expression, such as NCX or NHX, that may lend toward decompensated mitochondria.

Not only is this the first study to explore the combined effects of Na* and Ca?*
on cardiac mitochondria, but these findings also demonstrate that mitochondrial
function extends beyond just maximal respiration and is an aggregate of many
components that respond differently during varying levels of submaximal activity. By
employing a CK energetic clamp and observing submaximal respiration, we are better
able to delineate when differences may begin to occur, and it allows us to analyze the
force, flow, and conductance of the full oxidative phosphorylation pathway and its
components. The findings from this study reveal that isolated healthy mitochondria
respire similarly at all submaximal levels in the presence of extramitochondrial Ca?*

regardless of Na* levels. Furthermore, Ca?* improves both redox and membrane
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potential as well as the conductance of the ETC, the ATP synthase/ANT, and the full
oxidative phosphorylation pathway.

These findings are in agreement with Ca®' activation of mitochondrial
respiration in porcine skeletal'®” and cardiac muscle!?’. It has been previously
demonstrated that Ca?* uptake through the MCU increases mitochondrial matrix Ca?*
to increase NADH production®>1%¢ ETC conductance®’, and ATP synthase activity?,
which has been reproduced in our study. This Ca?" activation of the oxidative
phosphorylation pathway appears to be maintained in the presence of elevated Na*. In
contrast, findings from one study reported that elevated Na* reduced mitochondrial
matrix Ca?* and redox potential in isolated cardiomyocytes'“°. Moreover, in that study,
when the isolated cardiomyocytes were subjected to CGP-37157, a NCXm inhibitor, a
reduction in redox potential was prevented. However, the inhibitor CGP-37157 is not
only a NCXm inhibitor, but it is also a SERCA ATPase antagonist and RyR agonist.
Given that cellular (SERCA ATPase) and mitochondrial Ca?* efflux (NCXm) pathways
have been inhibited and cellular Ca?* influx (RyR) has been enhanced or unchanged
(MCU), it is unsurprising that this inhibitor prevented a decrease in mitochondrial
matrix Ca%*. In combination with the present findings, it is possible that elevated Na*
may alter mitochondrial function, but through upstream extramitochondrial pathways
rather than on the mitochondria itself.

Elevated extramitochondrial Na* alone may not be sufficient to elicit an
increase in mitochondrial ROS production. From our findings in isolated cardiac
mitochondria, no significant differences were observed in percent free radical leak.

Furthermore, elevated extramitochondrial Na* and Ca?* did not alter the conductance
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through the H202 leak pathway in our isolated mitochondria. Contradictory to our
findings, H202 formation has been reported to increase in patch-clamped guinea pig
cardiomyocytes subjected to 15mM Na*62, It was suggested that elevating cytosolic
Na* concentration promoted mitochondrial Ca?* efflux via the NCXm'*%168181 thereby
reducing electron flux and the NADPH/NADP* pool leading to greater H20:
formation®®, Additionally, when MCU was blocked, there was a greater formation of
H202%%2, When comparing these findings with those from our isolated mitochondria, it
is possible that there are other mechanisms at play that are susceptible to
extramitochondrial fluctuations of Na* and Ca?* that could contribute to these differing
results.

Although in the present study no effect of Na* was found in young healthy
Sprague-Dawley male rats, this does not rule out the potential for an interaction effect
of Na" with aging, sex, or HF. To ascertain whether Na* or a combination of Na* and
Ca?" disrupts mitochondrial function in the HF disease, it will be necessary to perform
a similar investigation comparing the potential difference in mitochondrial function in
isolated mitochondria from healthy and failing heart tissue. Doing so would help
explain whether cardiac mitochondria from failing hearts are intrinsically altered or if
they are only disrupted in the presence of an altered extramitochondrial environment.

The present findings are the first to study the effects of elevated Na* and Ca®*
on mitochondrial function in isolated cardiac mitochondria. Ca?* activation promoted
redox potential, membrane potential, and conductance of all components of the
oxidative phosphorylation pathway, regardless of Na* levels. Na* did not change the

optimal Ca?* required for maximal respiration. Moreover, Na* concentrations observed
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in HF cardiomyocytes were unable to elicit a greater mitochondrial production of ROS
in isolated mitochondria. Importantly, this suggests that an acute exposure to
intracellular Na* levels observed in HF does not adversely impact cardiac
mitochondrial function nor does it alter the amount of ROS generated by the
mitochondria. These findings support our hypothesis that Ca?* activation of
mitochondrial function is preserved in the presence of HF levels of Na*. Although no
adverse effects were found with elevated Na*, this does not exclude the potential for
cardiac mitochondria from HF to be intrinsically altered nor does this suggest that
mitochondria from failing hearts dos not respond adversely to elevated Na*. Therefore,
isolated cardiac mitochondria from failing heart tissue and their response to elevated

Na* and Ca?* is required.
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Chapter 3: Cardiac Mitochondrial Membrane
Potential is Diminished in a Rat Model of Pressure-

Overload Induced Heart Failure

3.1 Introduction

In individuals with HF, the heart is unable to supply enough blood to provide
adequate fuel and oxygen to meet the demands of the body, leading to lower quality of
life and greater all-cause mortality. The heart is a highly metabolically active tissue,
with the cardiac mitochondria providing over 90% of the ATP to fuel cardiac work?",
As such, proper mitochondrial function is essential to maintain adequate ATP
production and normal contractile function. Therefore, it is not surprising that
mitochondrial dysfunction has been implicated in HF, with mitochondrial defects
described in both human!?17317 and experimental modelst32170176.177 - However,
depending on the conditions of the study, whether mitochondrial function is altered in
HF is debated!"176202,

Not only must cardiac mitochondria continually provide ATP to fuel constant
myocardial contractions, they must also be able to increase the rate at which they
produce ATP when there is an increase in heart rate?®®2%*, Some individuals with HF
experience dyspnea and/or fatigue at rest>2%; however, all individuals with HF
experience these symptoms upon the initiation of activity® . Indeed, a key

characteristic of HF is exertional intolerance. If mitochondria are unable to increase
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their ATP production to meet this demand, this may, in part, explain exertional
intolerance in individuals with HF.

While intrinsic changes within the mitochondria could alter function, changes
in the cellular environment in which the mitochondria reside could also play a role.
Elevated intracellular concentrations of Ca?* and Na* in ventricular myocytes have
been reported in HF'?3132 and are thought to contribute to altered mitochondrial
function32163184 - yltimately resulting in reduced ATP production. When there is an
increase in contractile activity, intracellular Ca* concentration increases and results in
increased crossbridge cycling. This increase in intracellular Ca?" concentration
stimulates the influx of Ca?" into the mitochondrial matrix, primarily via the
mitochondrial Ca?* uniporter (MCU). Ca?* is a critical signaling molecule for the
matching of ATP demand with production. Increasing mitochondrial matrix Ca?*
activates dehydrogenase enzymes that increase NADH production'®16¢ elevate ETC
conductance®’, and increase ATP synthase activity'?’. It has been suggested that
elevated intracellular Na*, as observed in HF, decreases matrix Ca?* by extruding Ca?*
from the mitochondrial matrix through the Na*/Ca®* exchanger (NCXm)'?3168 |n the
absence of extramitochondrial Ca?*, increasing Na* is capable of decreasing matrix
Ca?" and maximal respiration in mitochondria isolated from healthy hearts!34. Further,
in the presence of elevated intracellular Na*, mitochondrial Ca?* uptake has been
demonstrated to be impaired in isolated cardiomyocytes resulting in a reduction of
available NADH with workload demand!®®, and elevated intracellular Na* has been
reported to increase ROS formation in both healthy and failing cardiomyocytes!®?,

However, intracellular Ca?* is also reportedly elevated in HF, which would promote
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Ca?" influx into the mitochondrial matrix. Previously, we have demonstrated that, in
mitochondrial isolated from healthy ventricular tissue, Ca?* activation of mitochondrial
function is maintained whether the extramitochondrial environment contains healthy
(5 mM) or elevated (15 mM) Na* concentrations.

While these data suggest that an altered ionic environment alone is not
sufficient to negatively impact mitochondrial function, this does not preclude the
possibility that mitochondria from failing hearts might be impacted by an altered ionic
environment. For example, altered expression or activity of the NCXm and MCU could,
in combination with an altered ionic environment, result in diminished mitochondrial
function in HF. A greater expression of NCXm has been reported in a rabbit model of
HF?%, while a metabolic rat model of HF has demonstrated no differences in the
expression of mitochondrial Ca?* uniporter (MCU)4. Further, Ca?* influx via MCU is
influenced by the mitochondrial membrane potential, in addition to the intracellular
Ca?" concentration, which may be altered in failing ventricular mitochondria.

In the present study, mitochondria were isolated from either healthy or failing
rat hearts, and the effects of healthy (5 mM) and elevated (15 mM) extramitochondrial
Na* on the Ca?* activation of the mitochondrial oxidative phosphorylation pathway was
explored utilizing force-flow analysis. Mitochondria were stimulated to respire across
a range of respiration rates and the resultant mitochondrial driving forces (redox
potential and membrane potential (A¥)) were measured. Additionally, the effective
activity of the dehydrogenase enzymes, the electron transport chain, and the combined
activities of the ATP synthase and adenine nucleotide translocase (ANT) were

determined!?6199206  \We found no differences between 5 and 15 mM
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extramitochondrial Na* in the activation of mitochondrial oxidative phosphorylation.
Regardless of extramitochondrial Na® concentration, mitochondria isolated from
failing hearts demonstrated similar mitochondrial respiration rates compared to healthy
hearts, however, failing mitochondria exhibited depolarized AY values across these

respiration rates.

3.2 Methods

3.2.1 Animals and Transverse Aortic Constriction Surgery

All protocols for animal handling were approved by the University of
Maryland’s Institutional Animal Care and Use Committee (IACUC). The University
of Maryland at College Park is an AAALAC-accredited institution. A total of 40 male
Hilltop Sprague-Dawley rats were used in this study with 13 rats dedicated to Ca?* dose
response assays, 19 to creatine kinase (CK) energetic clamp assays, and 8 to ROS and
proton leak assays.

Male Sprague-Dawley rats aged 4 weeks underwent transverse aortic
constriction (TAC) or sham surgery. Each animal was weighed and then anesthetized
via inhalation of isoflurane (2% isoflurane supplemented with 100% oxygen (400-500
mL/min)). After the anesthesia had taken effect and the animal was unresponsive to tail
and toe pinches, a single dose of buprenorphine (0.05-0.1 mg/kg) was injected via
subcutaneous injection. A surgical area was clipped clean of fur, sterilized with
sequential swabs of alcohol-betadine-alcohol, and, after another reflex check via tail
and toe pinches, a longitudinal skin incision was made from the ventral mid-neck area

to the suprasternal notch region. Submandibular salivary glands and the sternohyoid
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muscle were gently separated to reveal the trachea and the left and right common
carotid arteries. The sternum was cut as low as the 4th rib and the thymus was retracted
to reveal the aortic arch. A 4-0 silk suture was passed around the aortic arch between
the origin of the innominate artery and the left common carotid artery. Correct
placement was confirmed by pulling up on the suture and observing increased flow
through the right common carotid artery and ceased flow through the left common
carotid artery. A blunted, 20-guage needle was placed adjacent to the aorta and a 4-0
suture was tied tightly around the aorta and the needle. The needle was then removed,
resulting in a chronic partial aortic constriction. Sham-operated controls underwent the
same procedure; however, the suture was not tied. The sternum was closed with a single
suture, the salivary glands were replaced, and the skin was sutured shut with 5-0
monofilament suture and treated with betadine. Illustration 4 provides a graphical
representation of the transverse aortic constriction in rats.

After skin closure the rat was removed from anesthesia and placed into a clean
cage with a heating pad on its side for recovery until spontaneous movement occurred.
Once the rat was awake and self-propping, the heating pad was removed. Continual
post-operation observation occurred for one hour after the animal recovered from

anesthesia and every 12 hours for the subsequent three days.
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Illustration 4. Overview of the transverse aortic constriction surgical
intervention. Left: Sham control rat without aortic constriction. Right: Rat
with transverse aortic constriction (TAC) between the innominate (not
labeled) and left carotid artery. Successful placement of the constriction will
induce chronic pressure overload on the heart.

3.2.2 Mitochondrial Isolation from Cardiac Tissue

Cardiac mitochondria were isolated from ventricular tissue of male sham

control and TAC rats that were aged 48.8+18.4 weeks post-surgery. The animals were
anaesthetized with 2-4% isoflurane and placed supinated on the surgical area. The
thoracic cavity was opened, and the heart located and quickly excised. The heart was
rinsed and perfused with an isolation buffer containing (in mM) 280 sucrose, 21 EGTA,
10 HEPES, and 1 K2EDTA at 4°C and pH = 7.1 to flush out blood. The heart was cut
twice cross-sectionally such that chambers of both ventricles are clearly revealed in the
middle of the three sections. The left ventricular (LV) and septal widths were measured

at the thickest portions of the middle heart section with calipers. The heart sections

were dabbed dry, weighed together, and recorded as heart mass.
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The heart was trimmed down to ventricular tissue, minced, and transferred to a
separate beaker containing 8.5 mL of ice-cold isolation buffer and 2.5 mg protease
(Subtilisin A, Sigma-Aldrich). The tissue was further minced manually with scissors
for 7 minutes, and the protease digestion was terminated with the addition of 10 mL
isolation buffer. The supernatant was transferred to a separate centrifuge tube. To
improve mitochondrial yield, the pellet was resuspended in 20 mL of isolation buffer
and was spun again at 700g for 10 min at 4°C, and the resulting supernatant was
combined with the supernatant from the first spin. The combined supernatants were
then centrifuged at 10,0009 for 10 min at 4°C to pellet the mitochondrial fraction. The
resulting pellet was resuspended in 15 mL of isolation buffer using a dounce
homogenizer. The suspension was centrifuged again at 7,500 g for 10 min at 4°C. The
resulting final pellet was resuspended with 400 pL of suspension solution containing
(inmM) 137 KCI, 10 HEPES, 2.5 MgCI2,0.5 EDTA at pH = 7.1. Protein concentration
of this suspension was assessed using a Thermo Scientific Pierce BCA Protein Assay

kit.

3.2.3 Ca?** Dose Response

Ca?* activated mitochondrial respiration was assessed in mitochondria isolated
from ventricular tissue from TAC and sham hearts. A subset of mitochondria (n=13)
was incubated in healthy (5 mM) or elevated (15 mM) Na* across increasing Ca?*
concentrations to determine if the concentration of Ca®" required for maximal
respiration was altered by TAC. Mitochondrial oxygen consumption (Jo) was measured
continuously using a Clark electrode in a water jacket chamber maintained at 37°C.

Mitochondria (~20 pg) was added to the chamber containing 1.2 mL of a respiration
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media comprised of (in mM) 100 KCI, 50 MOPS, 20 glucose, 10 MgClz, 1 EDTA, and
0.2% (w/v) BSA, 37°C, pH=7.0. Jo was recorded on ADInstruments LabChart 8
software. Isolated mitochondria were incubated in 5 or 15mM Na* for 5 min to deplete
mitochondrial matrix Ca?*. After depletion, 10 mM Pi was added to the chamber,
followed by 10 mM glutamate (G) and 1 mM malate (M) with total Ca?* concentrations
of to 0.17, 0.31, 0.62, 0.92 or 1.25 mM. A bolus of 1.6 mM ADP was then added to
the chamber to initiate max Jo (state 3) and was driven to anoxia that resulted in the

fully reduced state.

3.2.4 Creatine Kinase Energetic Clamp Assay

Intermediate steady-state Jo was assessed through the manipulation of the
creatine kinase (CK) energetic clamp. Briefly, the ratio of ATP:ADP was fixed by
manipulating the phosphocreatine (PCR):creatine (CR) ratio. Mitochondria were
incubated with (in mM) 5 Cr, 5 ATP, 10 Pi, 0.83 PCr, and excess CK. Afterwards,
AGatp Was manipulated through stepwise titrations of PCr, resulting in PCr:Cr ratios
of 0.5, 2.0, and 4.0. From this, the free energy of ATP hydrolysis can be calculated as
follows:

AGatp = AGaTe® - 2.3RT log[[PCr]Kck/([Cr][Pi])]
where AGatp® is the standard AGartp (-7.592 kcal/mol), R is the gas constant (1.987
cal/K/mol), and T is the temperature (310 K). Jo, NADH, and membrane potential (A¥)
were recorded for each resulting AGatp from PCr additions.

NADH was measured continuously and simultaneously with Jo using a
bifurcated cable connecting a UV light source and Ocean Optics QE Pro spectrometer

to measure NADH fluorescence, which was recorded on Ocean Optics OceanView
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software. NADH reduction level was calculated in relation to the fully oxidized state
(Ca?*-depleted mitochondria with ADP and Pi but without substrates) and fully reduced
state (mitochondria with substrates and Ca?* after the onset of anoxia)'?®, and percent
NADH reduction was analyzed through custom code on MathWorks MATLAB
software.

Similarly, AY was measured continuously and concurrently with Jo using a
TPP* sensitive electrode that senses the distribution of the lipophilic cation TPP* across
the inner mitochondrial membrane'?®!?’ and the results were recorded on
ADlInstruments LabChart 8. Briefly, a TPP* standard curve was created with steady-
state TPP* concentration of 1, 2, 3, and 4 uM. TPP* disappearance was observed when
mitochondrial suspension was added to the chamber and TPP* binding was mediated
by the proton gradient generated across the inner mitochondrial membrane in response

to substrate additions.

3.2.5 Force Flow Relationship and Conductance

An estimate of the effective conductance of each region of active oxidative
phosphorylation was derived from the force-flow interaction of each component of the
oxidative phosphorylation pathway. The driving forces are determined from the AW
and reduction (redox) potential derived from NADH oxidation, while Jo provided the
flux through the pathway.

The electrical potential of the redox pair in the mitochondrial complex (En) can
be determined with

En = Em + 2.3(RT)/nF) x log ([oxidized]/[reduced])
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where Em is the redox midpoint potential (-320 mV for NAD/NADH and 820 mV for
02/H20), n is the number of electrons transferred, and F is the Faraday constant (23.062
cal/mV/mol). The free energies for redox, A¥, and ATP were calculated as
AGredox = -nF(AEn + AY)
AGay= -mFAY

AGAaTP = pAGATPe
assuming that a molecule of NADH donates two electrons (n) to the ETC leading to
ten protons pumped into the intermembrane space (m) that will eventually be shuttled
back to the matrix to produce 2.7 ATP molecules (p).

It was assumed that flux through oxidative phosphorylation varied in

accordance with the thermodynamic driving forces and is represented as

J=L(AG1 - AG2)
where J is the flux down the pathway, L is the conductance of the component pathway,
and AG1 and AG2 represent the respective front and back end driving forces of the
component pathway. Concurrent measurement of the thermodynamic driving forces
(AGredox, AGay, and AGatp) and oxygen flux (Jo) allows for the calculation of
conductance for the full oxidative phosphorylation pathway (AGredox — AGaTp) and its
two major components, ETC (AGredox — AGay) and ATP synthesis/transport (AGay —

AGATP).

3.2.6 ROS Assay

To assess the production of reactive oxygen species (ROS) released from TAC
mitochondria in the presence of healthy (5 mM) and elevated (15 mM) Na* with or

without Ca®*, mitochondria were respired at three intermediate rates using Invitrogen
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Amplex Red!®. An assay buffer (125 pL) comprised of DMSO, Amplex Red,
Horseradish Peroxidase, RM, KCI, Pi, and Bovine Serum Albumin (BSA) was added
to the standard curve and experimental wells. Substrates comprised of 2 uL Glutamate
(2 M) and 2 pL. Malate (100 mM) were added to experimental wells containing the
ATP synthase inhibitor (1 uL Oligomycin) or PCr (1,4, or 8 uL; 500 mM), 2 uL ATP
(500 mM), 10 pL Cr (100 mM), and 1 pL CK (15 U/mL). Isolated mitochondrial
suspension was then added to both standard curve and experimental wells and H202
(0.6, 1.2, 2.4, & 4.9 pL) was added to the standard curve wells. The 96-well plate was
shaken for 30 sec and transferred to a fluorescence plate reader and measured at F585

at 37°C for 35 min.

3.2.7 Proton Leak Assay

The kinetics of proton leak were assessed in TAC mitochondria incubated in
healthy or elevated Na* with or without Ca?* by titrating mitochondrial respiration in
the absence of ATP synthesis (state 4) using malonate, a competitive succinate
inhibitor. In a custom-built mitochondrial respiration chamber filled with 1.2 mL RM,
the chamber was capped with the TPP electrode. A TPP standard curve was created by
titrating in 400 uM TPP four times in 3 pL boluses, pausing for a plateau after each
addition.

Mitochondrial suspension (10-40 uL) was added to the chamber, which reduced
the TPP signal by mitochondrial TPP uptake. Mitochondria were previously
demonstrated to maximally activate in 0.62 mM CaCl.. Subsequently, 1.2 pL of ATP
synthase inhibitor oligomycin (1 mg/mL) and 2 pL of Complex | inhibitor rotenone

(2.66 mM) were added to the chamber, uncoupling oxygen consumption from ATP
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synthesis and preventing Complex | electron contribution, respectively. Complex Il
fuel succinate (6 puL) was added to initiate respiration. Malonate, a Complex Il
inhibitor, was generally titrated in at 10 uL (100 mM), 20 puL (100 mM), 20 uL (100
mM), 2.5 uL (1 M), 2.5 pL (1 M), 2.5 puL (1 M), 2.5 pL (1 M), pausing briefly for
steady state. Because ATP synthesis is uncoupled from oxygen consumption, the
resulting respiration was a product of electrons shuttling through the ETC to combat

the depolarization of AY resulting from proton leak back into the mitochondrial matrix.

3.2.8 Statistical Analysis

Statistical analyses were performed with IBM SPSS Statistics Version 28.0.0.0.
A one-tailed Student’s t-test was performed between TAC and sham control rats for
body mass, heart mass, LV width, septal width, and age. For Ca®* dose response assay,
t-tests were performed for each free Ca?* concentration to find differences between Na*
conditions (5mM vs. 156mM) and animal type (sham control vs. TAC). For CK clamp
assays, three-way mixed (5mM vs. 15mM Na* x without vs. with Ca?* x sham control
vs. TAC) ANOVA was performed on all force-flow relationships (Jo vs. AGarte,
NADH, or A¥) and conductance (Loxphos, LeTC, LATPase). Statistical significance was
accepted at p < 0.05.

In the absence of Na® main effect or interaction, healthy and failing Na*
conditions were collapsed together and a separate 3-way (TAC vs. Sham x without vs.
with Ca®" x 3 levels of AGate) mixed ANOVA was performed on AW. Statistical
significance was accepted at p < 0.05. A broad overview of the study design can be

found in Hlustration 5.
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Isolate Mitochondria from
Sham-Operated Control Hearts Aortic-Banded Failing Hearts
A\ A\
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Healthy [Na*], Heart Failure [Na*], Healthy [Na*], Heart Failure [Na*],
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Illustration S. Schematic overview of Study #2.
Isolated cardiac mitochondria from TAC and Sham
rats were incubated with healthy or failing [Na*] to
ascertain if mitochondria from failing hearts are
inherently altered or influenced by Na™.

3.3 Results

3.3.1 Animal Characteristics

In the Ca?* dose response assays, sham control (n=5) and TAC rats (n=8) had a
combined average surgical age of 35.6+3.3 weeks (mean + SE), body mass of
623.6£19.2 g, and heart mass of 1.754+0.056 g. Average septal width was 3.22+0.19
mm for sham controls and 3.55+0.26 mm for TAC rats. Average left ventricular (LV)
width was 3.98+0.23 mm for sham controls and 4.46+0.15 mm for TAC rats and tended
to be different (p=0.051). No significant differences were observed for surgical age,
body mass, heart mass, or septal width between sham control and TAC rats. Specific
group means and p-values can be found in Table 1.

During the CK clamp assays to assess intermediate mitochondrial respiration, a
separate subset of sham control (n=9) and TAC rats (n=10) were used. These animals
had an average surgical age of 48.1+3.4 weeks and body mass of 676.7+19.4 g.
Average heart mass was 1.743+0.067 g for sham controls and 1.869+0.056 g for TAC
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rats and tended to be different (p=0.085). Mean LV width was significantly greater
(p<0.01) in TAC (4.47+0.15 mm) than sham control rats (3.57+£0.32 mm). Similarly,
average septal width was significantly larger (p<0.01) in TAC (3.47£0.19 mm) than
sham control rats (2.81+0.17 mm). No significant differences were found for surgical
age or body mass. Specific group averages can be found in Table 1.

Another separate subset of sham control (n=4) and TAC rats (n=4) were used
in both the ROS and proton leak assays. The average post-surgical age of both sham
and TAC rats was 70.4+0.8 weeks, body mass was 762.8+18.5 g, and heart mass was
1.784+0.050 g. Both LV width and septal width of TAC rats (4.56+0.24 and 3.77+0.15
mm, respectively) were significantly greater (p = 0.009, p = 0.004) than sham control
(3.61£0.17 and 2.78+0.20). Detailed group means can be found in Table 1.

Table 1. Animal Characteristics

Ca?* Dose Response

Sham Control (n TAC (n=18) p value
= 5)
Age after surgery 34.1+£53 36.5+45 0.370
(weeks)
Body mass (g) 642.3 +41.7 611.8 +18.9 0.230
Heart mass (g) 1.751 +0.116 1.756 + 0.064 0.483
LV width 3.98+0.23 4.46 +0.15 0.051
Septal width 3.22+0.19 3.55+0.26 0.184
CK Energetic Clamp
Sham Control (n TAC (n =10) p value
= 9)
Age after surgery 49.0+4.1 473+4.0 0.387
(weeks)
Body mass (g) 691.8 + 22.5 663.2 + 23.0 0.195
Heart mass (g) 1.743 £ 0.067 1.869 + 0.056 0.085
LV width 3.57+£0.32 4.47 £0.15 0.008*
Septal width 2.81+0.17 3.47+0.19 0.009*

ROS & Proton Leak

62



Sham Control (n TAC (n=4) p value

= 4)
Age after surgery 70.8+1.9 70.0+1.3 0.379
(weeks)
Body mass (9) 750.5+41.8 775.0+27.2 0.320
Heart mass (Q) 1.742 £0.112 1.827 £0.072 0.272
LV width 3.61+£0.17 456 +0.24 0.009*
Septal width 2.78 £ 0.20 3.77 £0.15 0.004*

*Denotes significantly different from sham control

3.3.2 Ca?* Dose Response

Cardiac mitochondria from sham control and TAC rats were incubated with
either healthy (5 mM) or elevated (15 mM) Na* and underwent a Ca?* dose response
to determine if there were any differences in the Ca?" required to elicit maximal
mitochondrial respiration. With sham control mitochondria, Ca?* activated respiration
ranged from 160.0+15.9 to 426.9+40.1 nmol/mg/min when incubated in 5mM Na* and
from 193.3+£26.9 to 448.5+46.0 nmol/mg/min when incubated in 15mM Na* and were
not significantly different (p=0.787) (Figure 6A). TAC mitochondria demonstrated
Ca?" activated respiration ranging from 198.5+23.3 to 490.7+31.9 nmol/mg/min when
incubated in 5mM Na*" and from 204.6+26.9 to 510.6+£44.9 nmol/mg/min when
incubated in 15mM Na* and were not significantly different (p=0.842) (Figure 6B).
The greatest Ca?* activation of mitochondrial respiration occurred at a total Ca®*
concentration of 6.2 uM in both sham control and TAC mitochondria. No significant
differences were observed for Ca?* activated mitochondrial respiration between sham

control and TAC mitochondria (p=0.535).
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Figure 6. Response of mitochondrial respiration to increasing [Ca®*] when incubated in healthy or failing [Na*]

in TAC and sham mitochondria. Maximal Jo was not different between 5 and 15mM [Na*] incubations across [Ca®"] of
0.17,0.31, 0.62, 0.92, & 1.25mM in either A) sham control mitochondria or B) TAC mitochondria. Maximal Jo was

greatest with 0.62mM of Ca* activation in both A) sham control mitochondria or B) TAC mitochondria.

3.3.3 Intermediate Mitochondrial Function and Energetic Driving Forces

Intermediate mitochondrial function and the energetic driving forces involved
were assessed using CK clamp assays. No significant main effect of Na* was found in
the Ca®* dose response assays; therefore, comparisons henceforth will be between with
and without Ca?* conditions and between sham control and TAC mitochondria.
Intermediate respiration was significantly increased (p<0.001) by ~1.96 fold in sham
control mitochondria and by ~1.56 in TAC mitochondria with a main effect of Ca?*
(Figure 7A). The conversion of the free energy in NADH into AW is the primary
potential energy for oxidative phosphorylation. These specific force-flow relationships
are presented in Figure 7B and 7C where the forces of AY and NADH, respectively,
are plotted on the x-axis and the flow of Jo is plotted on the y-axis. Ca* significantly
increased the force-flow relationship (p=0.010) by ~1.54 fold in sham control and by
~1.30 in TAC mitochondria for NADH. There was a significant main effect of Ca®
(p=0.017) that increased the force-flow relationship by ~1.94 fold in sham control and

by ~1.43 fold in TAC mitochondria for A¥Y. No significant main effect of Na* or
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interaction effects of Na* and TAC were found for intermediate mitochondrial

respiration or driving forces.
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Figure 7. Effect of elevated Na* and Ca®* on oxidative phosphorylation energetic driving forces and Jo during intermediate
respiration in TAC and sham mitochondria. (A) Relationship between AGx7p and Jg in sham control and TAC mitochondria. (B)
Relationship between membrane potential (Ay) and Jo in sham control and TAC mitochondria. (C) Relationship between NADH and Jg in

sham control and TAC mitochondria. Error bars indicate standard error. Sham control: n = 7; TAC: n = 9. Main effect of Ca®* on respective
slopes, *p<0.05.

A separate three-way ANOVA (animal x Ca?* x AGatp) was performed to
evaluate the differences in AY. There was a significant main effect of AGate (p<0.001)
in which AW decreased from -168.3+2.9 to -171.8+2.8 to -174.1+2.7 at -13.1, -13.8,
and -14.2 kcal/mol, respectively. Interestingly, there was a significant interaction effect
of AGatp and TAC (p=0.005) such that TAC mitochondria had lower AY and range of
AY (-165.2+3.8 t0 -169.9+3.6 mV) compared to sham mitochondria (-171.5+4.3 to -
178.3+4.1 mV) across AGate Of -13.1 to -14.2 kcal/mol. The interaction effect of
AGaTp and Ca?* tended to be different (p=0.058) such that the average difference was

1.1£0.8, 1.8+0.9, and 1.7£1.0 mV at AGatp of -13.1, -13.8, and -14.2 kcal/mol
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respectively. These findings demonstrate that Ca?' activated improvements to

mitochondrial conductances are maintained in failing mitochondria.

3.3.4 Mitochondrial Conductance

The conductance of the entire oxidative phosphorylation pathway, ETC, and
Complex V and ANT can be determined by plotting Jo against AGnabH — AGATP,
AGnNaDH — AGavy, and AGay — AGaTp, respectively. The overall Loxphos demonstrated a
significant increase due to Ca?* activation (p=0.003) by ~1.55 fold in sham control and
~1.69 fold in TAC mitochondria (Figure 8A). Ca?* appeared to increase Letc by ~2.01
fold in sham control and ~1.05 fold in TAC mitochondria (Figure 8B); however, no
main or interaction effect was found involving Ca?*, Na*, or animal type for Lerc.
Similarly, Latrase showed a significant increase due to Ca®* activation (p<0.001) by
~2.11 fold in sham control and ~1.77 fold in TAC mitochondria (Figure 8C). Although
not significant, the interaction effect of Ca?* with TAC condition tended to be different

(p=0.060) for LATPase.
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Figure 8. Effect of elevated Na* and Ca?* on mitochondrial conductance in TAC and sham mitochondria. (A) Relationship of Jg
and the free energy difference between redox potential and AGxtp representing the conductance of the oxidative phosphorylation
pathway (Loxpnos) in sham control and TAC mitochondria (B) Relationship of J, and the free energy difference between redox potential
and Ay representing the conductance of the electron transport chain (Lgt¢) in sham control and TAC mitochondria. (C) Relationship of
Jo and the free energy difference between Ay and AGarp representing the conductance of Complex V and ANT translocase (Latpase) in

sham control and TAC mitochondria. Error bars indicate standard error. Sham control: n = 7; TAC: n = 9. Main effect of Ca®* on
respective slopes, * p<0.05.

3.3.5 ROS production

ROS production was measured by Amplex Red assay for H202 production with
or without Ca?* in isolated cardiac mitochondria from sham (n=4) and TAC (n=4) rats.
No main effect of Ca?* nor of TAC and no interaction effect of Ca?* and TAC were
observed at AGatp 0f -13.1, -13.8, and -14.2 kcal/mol on H202 production (Figure 9A).
These results demonstrate that neither Ca?* nor TAC increase H202 production in
isolated cardiac mitochondria.

Percent free radical leak was calculated by half of the quotient between H202

production and Jo. No main effect of Ca?* nor of TAC and no interaction effect of Ca?*
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and TAC were observed at AGatp of -13.1, -13.8, and -14.2 kcal/mol on percent free
radical leak (Figure 9B). These results demonstrate that Ca?* nor TAC impact the
percentage of Jo that is leaked as free radicals in isolated cardiac mitochondria.
Conductance through the ROS leak was determined from the slope of H20:2
production against the free energy difference across the ETC (AGredox-AGay). No main
effect of Ca* nor of TAC and no interaction effect of Ca?* and TAC were observed on
the conductance of the ROS leak pathway (Figure 9C). These results suggest that

conductance through the ROS leak pathway is independent of Ca?* activation and TAC.
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3.3.6 Proton Leak

To determine if Ca?" and/or TAC altered mitochondrial proton leak, state 4
oxygen consumption was assessed against membrane potential in isolated cardiac

mitochondria from sham (n=4) and TAC (n=4) rats. Comparisons were performed on
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calculated Jo from exponential regressions of proton leak assays at AY of -180 and -
150 mV. No main or interaction effect of Ca®* and TAC were observed in
mitochondrial proton leak at -180 mV (Figure 10B) or -150 mV (Figure 10C). These
results suggest that neither Ca?* nor TAC alter the proton leak pathway in isolated

cardiac mitochondria.
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3.4 Discussion

It has been reported that cardiac tissue from animal models and patients with
HF have elevated levels of Na* and Ca?*'?8132 which has been theorized to adversely
alter mitochondrial function®?; further, previous results from healthy rat ventricular
tissue demonstrated that altering Na*, or Na* and Ca?* together, were insufficient to

adversely affect mitochondrial function. The present study addresses whether altering
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extramitochondrial Na* around isolated failing mitochondria is not enough to adversely
impact mitochondrial function.

This study investigated the combined effects of Na* and Ca?* on mitochondria
isolated from Sprague-Dawley rat hearts with pressure-overload induced hypertrophy.
By isolating cardiac mitochondria from sham control and TAC hearts, we were able to
introduce and control the specific extramitochondrial conditions and observe whether
the effects only manifest themselves in the HF model. More specifically, we incubated
isolated mitochondria from failing and healthy rat hearts in either control (5 mM) or
HF levels (15 mM) of Na* and observed whether Ca?*-activated mitochondrial function
was adversely affected under maximal and submaximal conditions. Our findings
demonstrate that Ca?* activation of mitochondrial function is similar between sham
control and TAC mitochondria. Furthermore, Ca?* activation of mitochondrial function
is preserved regardless of the extramitochondrial levels of Na* in both sham control
and TAC mitochondria. These results suggest that HF levels of Na™ do not appear to
negatively impact Ca?* activated maximal respiration capacity in failing mitochondria.
Similar findings have been reported in isolated left ventricular mitochondria from
human failing hearts?22%” in which mitochondrial function was preserved. However,
other animal models, using coronary microembolization?%, rapid ventricular pacing?®,
or drug-induced hypertension?’® to cause HF have demonstrated impaired
mitochondrial oxidative phosphorylation. Reduced respiratory capacity has been
reported in aortic-banded rats, but only when these animals have developed impaired

ejection fraction?!l. Although the two dominant forms of HF, HFpEF and HFrEF,
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manifest an inadequate cardiac output, the specific changes affecting mitochondrial
function lending to insufficient hemodynamics may be different.

This the first study to explore the combined effects of Na* and Ca?* on cardiac
mitochondria from failing hearts, and we also assessed mitochondrial function
measures beyond simply maximal respiration. By employing a CK energetic clamp and
observing submaximal respiration, the forces, flux, and conductance of the full
oxidative phosphorylation pathway and its components were observed and analyzed.
Our findings reveal that isolated failing mitochondria respire similarly to healthy
mitochondria in the presence of extramitochondrial Ca?* regardless of Na* levels at all
submaximal levels. It appears Ca?* improved both redox and membrane potential as
well as the conductance of the ETC, the ATP synthase/ANT, and the full oxidative
phosphorylation pathway. These findings are in agreement with Ca?* activation of
mitochondrial respiration in porcine skeletal'®’, cardiac muscle!?’, and our previous
findings in isolated mitochondria from healthy rat hearts. It has been previously
demonstrated that Ca?* uptake through the MCU increases mitochondrial matrix Ca?*
to increase NADH production®1%¢ ETC conductance®’, and ATP synthase activity?,
which has been recapitulated in our study.

Interestingly, there was a significant interaction effect of AGate and TAC such
that TAC mitochondria demonstrated lower membrane potential and a blunted ability
to potentiate the membrane. These findings would suggest that the driving force that is
the proton gradient necessary for ATP production during oxidative phosphorylation is
lower in TAC mitochondria. Although the maximal respiration in TAC mitochondria

does not appear to be different than sham control mitochondria, these results suggest
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that ATP production may be hampered in this model of HF and may help explain the
reduced hemodynamic response in the HF condition. Although only one other group
has reported lower mitochondrial membrane potentials in cardiomyocytes isolated
from canines with chronic HF?*2213  to our knowledge, we are the first to demonstrate
that isolated mitochondria from rats with HF have an impaired ability to polarize their
membrane.

The findings for intermediate mitochondrial function, proton leak and ROS
production were interpreted with Na® conditions collapsed together. This was
performed primarily because no significant differences between Na* conditions were
observed for intermediate mitochondrial function, proton leak, and ROS production.
The primary goal was to determine if failing mitochondria demonstrated impaired
intermediate mitochondrial function, larger proton leak, and more electron leak than
healthy mitochondria, so collapsing the Na* conditions together allowed for greater
statistical power to examine these differences, or lack thereof.

Proton leak and ROS production were investigated to ascertain whether these
were possible sources contributing to the lower membrane potential and diminished
membrane potentiation in TAC mitochondria. No statistical differences were found
between TAC and sham control mitochondria regarding proton leak or ROS production
suggesting that another factor may be involved in the aberrant nature of the TAC
mitochondrial membrane potential. Proton leak has been reported to be increased in
hearts of a fly model of HF; however, in the same study, isolated cardiomyocytes from
catecholamine-injected mice exhibited no differences in proton leak compared to the

vehicle control?** suggesting that differing models of HF may not have the same
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metabolic alterations. Aging models of HF in mice and rats have demonstrated greater
proton leak than younger counterparts?®®. The lack of an age difference between our
TAC and sham controls may explain why no differences in proton leak were found in
this study. ROS production has been found to be greater in failing cardiomyocytes from
guinea pigs?*®, failing myocardial tissue from mice?’, and failing ventricular tissue
from dogs?'#21%, The post-intervention age of these animals was relatively young (~4-
8 weeks post-intervention) compared to the animals within this study (~35-70 weeks
post-intervention), suggesting that the greater ROS production observed could be of an
acute nature. Although oxidative stress has been reported to increase with age in
humans?%22! antioxidant capacity also appears to increase with age??>??%, Thus, it is
possible that our animals have developed a greater antioxidant capacity with age
resulting in no observable differences in ROS production. Together, the results suggest
that the deficits observed in TAC membrane potential are not due to changes in cardiac
mitochondrial proton leak or ROS production.

The present findings are the first to demonstrate the combined effects of
elevated Na* and Ca?* on mitochondrial function in isolated cardiac mitochondria from
rats with pressure-overload induced HF. Elevated Na* did not alter the optimal Ca?*
required for maximal respiration in TAC compared to sham control mitochondria. Ca?*
activation was preserved and promoted redox potential, membrane potential, and
conductance of all components of the oxidative phosphorylation pathway, regardless
of Na* levels. However, isolated mitochondria from TAC rats had lower membrane
potentials and were unable to potentiate their membranes to the same degree as their

sham counterparts suggesting that the electrochemical driving force required to
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produce ATP is diminished, which may contribute to the systolic and diastolic
dysfunction in HF. Moreover, the two major leak pathways, as protons or ROS, do not
appear to be any greater in TAC suggesting there may be another source that is
contributing to this membrane potential deficit. Although the current study has found
this deficit in mitochondrial function in male rats of pressure-overload induced HF, it
is unknown whether this alteration is recapitulated or exacerbated in female rats.
HFpEF, which the pressure-overload model generally manifests, has a greater
prevalence in older females suggesting that manifestation of mitochondrial alterations
may be different according to sex. While HFpEF has a greater prevalence in females
than males, males with HFpEF have worse survivability?®* suggesting that
mitochondrial dysfunction may have a differential impact according to sex. Therefore,
it will be important to ascertain the link between membrane potential deficit and ATP
production in HF, the mechanisms behind this diminished membrane potential, and

whether these deficits are also exhibited in females with HF for future investigations.
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Chapter 4: In Vivo and Ex Vivo Assessments of
Exertional Tolerance in Rats with Pressure Overload

Induced Heart Failure

4.1 Introduction

The results of the two previous studies suggest that an elevation in
extramitochondrial Na® environment alone is not sufficient to adversely alter
mitochondrial function in cardiac mitochondria from healthy or failing hearts. Perhaps
more importantly, cardiac mitochondria from failing hearts demonstrated a lower
membrane potential and a reduced capacity to potentiate their membrane compared to
isolated mitochondria from healthy hearts. This deficiency in mitochondrial membrane
potential suggests a reduction in electrochemical driving force required for ATP
production by ATP synthase. In other words, there is an intrinsic alteration in cardiac
mitochondria resulting in a more costly production of ATP.

During graded exercise, when the demand and turnover of ATP rises, this more
costly production of ATP may be a limiting factor in cardiac force production resulting
in a lower cardiac output and VO2 max in patients with HF. This less efficient
production of ATP may potentially explain, at least in part, the inability of failing hearts
to match the demands of the body, particularly during activities of heightened physical
exertion, manifesting as exercise intolerance.

Impaired exercise tolerance is a cornerstone characteristic of HF. It is indicated

by fatigue, palpitations, and dyspnea that worsen with exertion, and is the basis of the
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New York Heart Association Functional Classification?®. Even though exercise
intolerance is a critical functional marker of HF, there are few small animal models of
HF that demonstrate this important phenotypic characteristic''%226227 " Although mice
with TAC exhibit exercise intolerance as reduced VO2 peak on a graded exercise test??’,
there has been no study, to our knowledge, that has investigated a functional measure
of exercise intolerance in rats with TAC. Therefore, we expected to observe deficits in
exertional and functional capacity of this rodent model of HF to demonstrate its

translational value in future studies of this disease.

4.2 Methods

4.2.1 Animals and Transverse Aortic Constriction Surgery

All protocols for animal handling and exercise testing were approved by the
University of Maryland’s Institutional Animal Care and Use Committee (IACUC). The
University of Maryland at College Park is an AAALAC-accredited institution. A total
of 27 male (n=16) and female (n=11) Hilltop Sprague-Dawley rats were used in this
study.

Male and female Sprague-Dawley rats 4 weeks of age underwent TAC or sham
surgery. Each animal was weighed then anesthetized via inhalation of isoflurane (2%
isoflurane supplemented with 100% oxygen (400-500 mL/min)). After the anesthesia
had taken effect and the animal was unresponsive to tail and toe pinches, a single dose
of buprenorphine (0.05-0.1 mg/kg) was injected via subcutaneous injection. A surgical
area was clipped clean of fur, sterilized with sequential swabs of alcohol-betadine-

alcohol, and, after another reflex check via tail and toe pinches, a longitudinal skin
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incision was made from the ventral mid-neck area to the suprasternal notch region.
Submandibular salivary glands and the sternohyoid muscle were gently separated to
reveal the trachea and the left and right common carotid arteries. The sternum was cut
as low as the 4th rib and the thymus was retracted to reveal the aortic arch. A 4-0 silk
suture was passed around the aortic arch between the origin of the innominate artery
and the left common carotid artery. Correct placement was confirmed by pulling up on
the suture and observing increased flow through the right common carotid artery and
ceased flow through the left common carotid artery. A blunted, 20-guage needle was
placed adjacent to the aorta and a 4-0 suture was tied tightly around the aorta and the
needle. The needle was then removed, resulting in a chronic partial aortic constriction.
Sham-operated controls underwent the same procedure; however, the suture was not
tied. The sternum was closed with a single suture, the salivary glands were replaced,
and the skin was sutured shut with 5-0 monofilament suture and treated with betadine.
Illustration 4 provides a graphical representation of the transverse aortic constriction in
rats.

After skin closure, the rat was removed from anesthesia and placed on its side
into a clean cage with a heating pad for recovery until spontaneous movement occurred.
Once the rat was awake and self-propping, the heating pad was removed. Continual
post-operation observation occurred for one hour after the animal recovered from

anesthesia and every 12 hours for the subsequent three days.
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Illustration 4. Overview of the transverse aortic constriction surgical
intervention. Left: Sham control rat without aortic constriction. Right: Rat
with transverse aortic constriction (TAC) between the innominate (not
labeled) and left carotid artery. Successful placement of the constriction will
induce chronic pressure overload on the heart.

4.2.2 Treadmill Acclimatization

A Columbus Instruments Exer 3/6 Treadmill with an electrically charged grid

on the downhill end was used to assess the maximal exercise capacity of rats. Starting
from 20 weeks post-surgery, rats (TAC or sham control) underwent an acclimatization
period on the treadmill every 10 weeks. Rats were placed on the treadmill with 5%
grade for 5-10 min of quiet rest on the first day as an introduction to the machine. The
rats then ran on the treadmill for 10 min/day for 4-5 days at progressively increasing
speeds over the course of each day. Rats initially began acclimatization at 5 m/min for
2 min, then an additional 2.5-5 m/min increase in treadmill speed every 2 min until 10
min of running was completed. Each subsequent day, the initial speed began 2.5 or 5

m/min faster than the previous session depending on performance. If the rat was unable
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to keep up with the treadmill, the initial speed was returned to the speed of the previous
session to an attempt to encourage participation and discourage attrition. The treadmill
and electrical grid were shut off when the rat touched the electrical grid 6 times during
a 30 sec period. After each bout of treadmill running, the rats were allowed 5 min of
quiet rest on the treadmill before they were returned to their cages. The following week,
the rats underwent a maximal exercise test, a slow speed (15 m/min) endurance test,
and a fast speed (25 m/min) endurance test, with each test occurring on separate days

at least 48 hours apart.

4.2.3 Treadmill Running

Maximal exercise testing was performed to assess the peak running speed of
TAC and sham control rats. Exercise tests were evaluated by one experimenter who
was not blinded to the rats’ surgical condition. Rats were placed onto the treadmill with
5% grade, which was left unchanged for all exercise tests, and allowed 5 min of quiet
rest with the electrical grid off to minimize anxiety. Subsequently, the electrical grid
was turned on and the shock was titrated down to the lowest level that was sufficient
to stimulate the animal to run without harming the animal (1 Hz, ~10-30V, 0.5A). Rats
began the maximal exercise test with brief warmup period of 15 m/min for 3 min before
increasing the treadmill speed by 5 m/min every minute until exhaustion or was unable
to keep up with the treadmill, More specifically, if the rat was unable or unwilling to
maintain the treadmill pace despite stimulation from the electrical grid for
approximately 6 shocks during a 30 sec time period on the electrically charged grid?%,
then the electrical grid and the treadmill are stopped. If a rat previously demonstrated

poor running performance, as indicated by an inability to adapt quickly to changes in
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treadmill speed and/or dragging of paws against the treadmill belt, during the
acclimatization period, then the maximal exercise test began with a warmup of 10
m/min for 3 min and subsequent speed increase of 2.5 m/min every minute. The
treadmill speed at the time of test termination was recorded and used for analysis.

Two endurance tests, one at a slow (15 m/min) and one at a fast (25 m/min)
pace, were employed to assess the endurance capacity of TAC rats. Each test was
employed on separate days with at least 48 hours between each test. Prior to the
endurance test, rats were placed onto the treadmill with the electrical grid off and
allowed 5 min of quiet rest. The test then began with a 10-sec ramp up to the final speed
(15 or 25 m/min). The test continued until the animal refused to run or contacted the
electrical grid 6 times during a 30-sec period??® in which case the treadmill was stopped
and the electrical grid was shut off. The distance and running time were recorded, and
endurance was determined by the work performed on the test. Work was calculated as

W=FxD
W =mg x (5% x d)

where work is W, force is F, distance is D, body mass is m, g is acceleration due to
gravity, d is the treadmill distance, and vertical distance traveled is 5% of d. After each
treadmill test, rats were allowed to rest quietly on the treadmill for 5 min then weighed
and returned to their cages. These testing procedures were approved by UMD’s

IACUC.
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4.2.4 Forelimb Grip Strength Testing

A grip strength meter (Ugo Basile) was used to assess the strength capacity of
the forelimb muscle of rats with TAC. On the day of sacrifice, about 40 weeks post-
surgery, a rat was held over the base plate, in front of a T-shaped grasping bar that
connected to a force sensor. The rat was allowed to grasp the bar with both forelimb
paws and pulled away by the tail until grip was released. Only measures with both
forelimb paws with intentional grasping were accepted. Each rat underwent several
trials until three successful grips were performed, and the data were recorded onto the
grip strength meter. Rats were subsequently weighed just prior to sacrifice. This

procedure was approved by UMD’s IACUC.

4.2.5 Skeletal Muscle Excision and Isolated Muscle Testing

On the day of sacrifice, rats were anaesthetized as described above (please refer
to 3.2.2 Mitochondrial Isolation from Cardiac Tissue). After the animal was sacrificed
via rapid cardiac exsanguination, the skin on the forelimbs was removed to expose the
musculature underneath. The left and right biceps were excised by first cutting the
origin tendon, cutting away the connective tissue, and severing the insertion tendon.
The left and right biceps were weighed, washed with 1X PBS, and stored away at -
20°C for future studies. Lungs were also excised, dabbed free of blood, weighed, and
placed in an incubator to dry for a week, and then weighed again. The wet-to-dry lung
weight ratio was calculated and recorded for analysis.

Isolated skeletal muscle force production was assessed to ascertain the intrinsic

maximal functional capacity of slow (soleus) and fast twitch (extensor digitorum

81



longus) hindlimb skeletal muscle in TAC rats. To excise the soleus and extensor
digitorum longus muscle (EDL), the skin on the hindlimb of the rat was removed to
expose the musculature underneath, and the tibialis anterior was removed. Two
separate sutures were thread underneath the proximal and distal tendons of the EDL
muscle and tied off with loops. The muscle was then excised off the hindlimb with the
suture loops intact on the tendons. To access the soleus muscle, the Achilles tendon
was severed, and the gastrocnemius muscle was reflected away. Like the EDL, two
suture loops were created on the proximal and distal end, then the muscle was excised.
Both excised muscles were transferred to ice cold Ringer’s solution. Just prior to
testing, each muscle was transferred to the Aurora Scientific 3-in-1 Whole Animal
System horizontal muscle bath that was filled with Ringer’s solution bubbled with
100% O3 at 37°C.

On the Aurora muscle system, one loop is attached to an anchor point and the
other was attached to an adjustable force transducer. The force transducer was gently
pulled away to apply <5 mN of tension on the muscle. To ensure adequate electrical
stimulation is applied to the entire muscle, current was increased until resting tension
plateaued then current was further increased by 10%. In order to obtain optimal length
for maximal force production, the muscle underwent single twitch contractions at 1 Hz
followed by stretching the passive tension by about 10 mN and continued until
maximum twitch force was recorded.

Following the optimization of muscle length and maximal twitch force
measurement, the muscles underwent a force-frequency protocol to assess alterations

in tension production across different frequencies. During the force-frequency
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protocol, the muscle was stimulated across 9 frequencies (i.e., 10, 20, 40, 50, 60, 80,
100, 120, and 140 Hz) with 1-min rest periods between each stimulation. The maximum
tension production was recorded for each frequency.

Each muscle was allowed to rest for a period of 2 min before undergoing the
fatigue protocol to assess the ability of the muscle to resist a decline in force production.
In this protocol, the muscle was stimulated at 100 Hz each second for 5 min. Fatigue

was assessed as the time taken to reach 50% of maximum force production.

4.2.6 Statistical Analysis

Statistical analyses were performed with IBM SPSS Statistics Version 28.0.0.0.
Differences in body mass, heart mass, LV width, septal width, and wet-to-dry lung
weight ratios were analyzed using a two-way (TAC vs. sham x sex) ANOVA. A one-
tailed Student’s t-test was used to analyze the difference in left and right biceps size for
TAC female, TAC males, sham females, and sham males. For treadmill running, the
same two-way ANOVA was performed for maximal speed, work performed at 15
m/min, and work performed at 25 m/min. Two Chi-square tests were performed to
determine if sex or TAC had any association with running compliance, which was
measured by recording when the animals refused to run at the start of an exercise test.
A two-way (TAC vs. sham x sex) ANOVA was performed on grip strength, grip
strength relative to body mass, and grip strength relative to tibial length. For isolated
skeletal muscle tests, soleus and EDL muscle were each analyzed using a two-way
(TAC vs. sham x sex) ANOVA on peak force for each frequency, peak force relative

to muscle mass, and time to fatigue.
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4.3 Results

4.3.1 Animal Characteristics

Some physical characteristics of TAC and sham rats of both sexes were
measured to determine if this model recapitulated characteristic manifestations
experienced by patients with HFpEF, such as cardiac hypertrophy and pulmonary
edema. There was significant main effect of sex such that males had a greater body
mass (603+9 g vs. 326.2+11.4 g; p<0.001; Figure 11A) and tibial length
(52.45+1.47mm vs. 42.77+1.80 mm; p=0.001; Figure 11B) than females. There were
no statistical difference between TAC (4.53£0.04) and sham rats (4.43+0.04) in their
wet-to-dry lung weight ratio (p=0.095; Figure 11C).

Left and right biceps muscle masses were compared with each other to evaluate
if TAC could affect muscle size given that the constriction could alter blood flow to
the left and right forelimbs (Figure 11D). TAC females exhibited significantly smaller
left biceps mass (0.236+£0.006 g) than right biceps mass (0.288+0.018 g; 1-tailed
p=0.012). Neither sham females (left vs. right; 0.250+0.019 g vs. 0.236+£0.011 g;
p=0.274), TAC males (0.405+0.013 g vs. 0.401+0.0s13 g; p=0.410), nor sham males
(0.396£0.018 g vs. 0.393+0.015 g; p=0.435) shared these same left and right biceps

mass differences.
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Figure 11. Body phenotype of TAC and sham rats. Males are colored blue and females are colored
red. General sizes were measured by A) body mass and B) tibial length..Pulmonary congestion was
estimated using C) wet-to-dry lung ratio. Forelimb size difference was measured by D) left and right
biceps mass. Main effect of TAC, ~p<0.05. Main effect of sex *p<0.05

There was a main effect of sex such that males had greater heart mass
(1.81+0.04 g vs. 1.09£0.05 g; p<0.001; Figure 12A) and LV width (4.39+£0.08 mm vs.
3.64+0.10 mm; p<0.001; Figure 12B) than females. There was a significant main effect
of TAC in that TAC had greater LV width (4.22+0.09 mm vs. 3.81+0.09 mm; p=0.004)
(Figure 12B) and LV width relative to body mass (9.90+0.27 mm/g vs. 8.63+0.26
mm/g; p=0.003) (Figure 12E) than sham controls, respectively. Females had a
significantly greater heart-to-body mass ratio (3.34+0.12 vs. 3.02+0.10; p=0.042;
Figure 12D), LV width relative to body mass (11.21+0.29 mm/g vs. 7.32+0.24 mm/g;
p<0.001; Figure 12E), and septal width relative to body mass (9.14+0.34 mm/g vs.

5.60£0.28; p<0.001; Figure 12F) compared with males.
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Figure 12. Heart phenotype of TAC and sham rats. Absolute A) heart mass, B) LV width, and C) septal
width measured on the day of sacrifice. Normalization to body mass (D-F). Main effect of TAC, ~p<0.05.

4.3.2 Maximal and Endurance Capacity with Treadmill Running

Of the 27 rats that were included in this study, 13 rats completed all treadmill
running tests. Of the 13 TAC rats, 6 completed all treadmill running tests while 7 of

the 14 sham control rats completed all treadmill running tests. Noncompliance was
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defined as refusal to begin running during the start of an exercise test. Surgical
condition was not significantly associated with treadmill running noncompliance
(p=0.842). Females (8 of 11 female rats) were significantly more likely to complete all
treadmill running tests than males (5 of 16 male rats; p=0.034).

No significant differences were found between TAC and sham control rats
regarding maximum running speed (Figure 13A), work performed during slow speed
(Figure 13B), or work performed during fast speed (Figure 13C). Female rats ran
significantly faster (28.4+1.6 m/min vs. 21.3+2.1 m/min; p<0.023) and had greater
maximal work capacity at 15 m/min (309.5£18.6 J vs. 26.9+24.7; p<0.001) and 25

m/min (29.6x4.4 J vs. 10.6+5.7 J; p=0.027) than male rats, respectively.
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Figure 13. Treadmill running performance of TAC and sham rats. A maximal exercise test was used to assess A) max speed. Endurance was assessed as
the work performed to exhaustion during B) slow (15 m/min) and C) fast (25 m/min) speeds. Main effect of sex *p<0.05.

4.3.3 Forelimb Grip Strength

Forelimb grip strength was assessed in 44-week-old TAC and sham rats. No
significant difference in forelimb grip strength (p=0.327) was observed between TAC
(1108.6£65.4 g) and sham control rats (1015.8+65.5 g). There was significant main
effect of sex such that females had lower absolute grip strength (929.0+71.1 g vs.
1195.4+59.2 g; p=0.008) (Figure 14A) but greater grip strength relative to body mass

(2.87£0.14 vs. 2.00+0.12; p<0.001) than males (Figure 14B).

87



A Absolute Grip Strength B Relative Grip Strength

2000 - *
® Male * u e Male
o | |
1s00{ ® - | Femle B o ® Female
Lo & o -
@ .i. [ ] 'Y | | 8 L] L “
@ 'Y ] = L d | ] L]
g 1000 :l: - N L2 OI’ =
- . = . F .
s00{ | ® s
o 1{ |e®
o
o < T r
& g
& * & <

Ad

Figure 14. Forelimb grip strength performance of TAC and sham rats. A) Absolute grip strength and B) grip strength relative to body mass were assessed
via the tension applied onto the grip strength meter using both forelimbs. Main effect of sex *p<0.05.

4.3.4 Isolated Skeletal Muscle Force Production and Fatiguability

Differences in soleus and EDL muscle mass were assessed to determine if TAC
might induce skeletal muscle atrophy in male and female rats. A significant main effect
of sex was observed in the average muscle mass of the soleus (p<0.001) and EDL
(p<0.001) muscle. Female solei (0.153+0.011 g) were significantly smaller than the
male solei (0.283+0.009 g). Similarly, female EDL (0.152+0.008 g) were significantly
smaller than male EDL (0.253+0.006 g). No main effect of TAC was observed on the
average muscle mass of soleus (p=0.689) or EDL (p=0.544) muscles. The average
soleus mass in TAC rats was 0.221+0.010 g compared to 0.215+0.010 g in sham control
rats. The average EDL mass in TAC rats was 0.205+0.007 g compared to 0.199+0.007
g in sham control rats. There was no TAC and sex interaction on average solei or EDL
masses.

Force production from excised slow-twitch (soleus) and fast-twitch (EDL)
skeletal muscle was assessed to determine if TAC surgery resulted in skeletal muscle
weakness. Tension force was assessed during electrical stimulation from 1 Hz to 140

Hz. No significant main effect of TAC was observed for soleus absolute twitch force

88



(p=0.189) resulting from 1 Hz stimulation (Figure 15A), yet soleus twitch force relative
to muscle mass tended to be lower (p=0.058) in TAC rats (834.7+£86.3 mN/g) than sham
control rats (1076.1£85.5 mN/g) (Figure 15C). There were main effects of sex on
absolute and relative soleus twitch force. Absolute soleus twitch force from females
(176.3+20.4 mN) were significantly lower (p=0.024) than males (240.5+17.0 mN)
(Figure 15A). Relative soleus twitch force from females (1097.5+92.8 mN/g) were
significantly greater (p=0.027) than males (813.3+77.3 mN/g) (Figure 15C).

In the EDL muscle, no main effect of TAC was observed for absolute (p=0.359;
Figure 15B) or relative twitch force (p=0.975; Figure 15D). There was a main effect of
sex in EDL such that males had a significantly (p=0.01) greater absolute EDL twitch

force (318.5+£23.0 mN) than females (217.4£27.7 mN; Figure 15B).
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Figure 15. Ex vivo twitch force assessment in TAC and sham hindlimb muscles. Absolute A) soleus and B) EDL twitch
force was measured on an electrically stimulated (1 Hz) muscle testing system. Relative C) soleus and D) EDL was
calculated in relation to their respective muscle masses. Main effect of sex *p<0.05.

No main effect of TAC or interaction effect of TAC and sex on absolute soleus
force was observed in frequencies from 10 to 140 Hz (Figure 16A). No main effect of
TAC was observed on soleus force relative to muscle mass across all frequencies;
however, there was a tendency toward a TAC and sex interaction effect (0.05<p<0.06)
such that TAC females, but not males, appeared to have lower relative soleus force than
sham control females from 20 Hz to 140 Hz (Figure 16C). Females had a significantly
lower (p<0.02) absolute soleus force than males across frequencies of 40 Hz to 140Hz
(Figure 16A). No interaction effect of sex and TAC was found for absolute (p=0.395)
and relative soleus twitch force (p=0.220). Female relative soleus force was

significantly greater than males during 20 Hz (p=0.045) and 120 Hz (p=0.049);
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however, all other frequencies from 40 Hz to 140 Hz had relative soleus force that
tended to be greater (0.05<p<0.06) in females than males (Figure 16C).

No main effect of TAC was observed for absolute (Figure 16B) or relative EDL
force (Figure 16D) across all frequencies from 10 Hz to 140 Hz. No interaction effect
of TAC and sex was observed on absolute or relative force across frequencies of 1 Hz
through 140 Hz. There was a main effect of sex on the absolute forces of the EDL at
the lower frequencies ranging from 10 Hz to 60 Hz (p<0.05; Figure 16B). Similarly,
EDL from male rats exhibited significantly greater absolute force than female rats
across frequencies of 20 Hz through 60 Hz (Figure 16B). When EDL force production
was normalized to muscle mass, no significant differences were observed between male

and female rats (Figure 16D).
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Figure 16. Ex vivo force-frequency assessments in TAC and sham hindlimb muscles. Male sham (blue solid), male
TAC (blue dashed), female sham (red solid), female TAC (red dashed). Absolute A) soleus and B) EDL peak force was
measured during electrical stimulation at frequencies of 10, 20, 40, 50, 60, 80, 100, 120, and 140 Hz. Relative C) soleus
and D) EDL was calculated in relation to their respective muscle masses. Main effect of sex *p<0.05.

Fatiguability of the soleus and EDL muscle from TAC rats were determined
from the time required to reach 50% of peak force production during continuous
electrical stimulation at 100 Hz. No main effect of TAC or sex on time to fatigue was
observed in the soleus or EDL muscle. Soleus from TAC rats took 24.4+2.7 s to reach
fatigue compared to 23.6£2.7 s in sham control rats (p=0.851). EDL from TAC rats
took 13.7+1.0 s to reach fatigue compared to 12.6+1.0 in sham control rats (p=0.472).
Time to fatigue in female soleus muscle was 26.4+3.0 s compared to 21.6+2.5 s in
males (p=0.224). Time to fatigue in female EDL muscle was 12.2+1.1 s compared to
14.2+0.9 s in males (p=0.179). No interaction effect of TAC and sex was seen on time

to fatigue in either soleus (p=0.905) or EDL (p=0.116) muscle.
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4.4 Discussion

This study provided phenotypic characteristics of the TAC rat for the heart,
lungs, and forelimb and hindlimb skeletal muscles. The results demonstrate that TAC
rats recapitulate an important physical characteristic of HFpEF, a thickening of the LV
wall. Although not significant, the greater wet-to-dry lung ratio in TAC rats suggest
that these animals may experience another HF symptom of pulmonary congestion.
These findings suggest some evidence of cardiac remodeling is occurring in these aged
TAC rats and that they may be experiencing a mild form of HF.

To our knowledge, this is the first study to investigate the exercise capacity and
exertional tolerance in rats with TAC. Although a metabolic chamber was not available,
exercise capacity and performance were evaluated via the maximal speed attained
during a graded treadmill test and work performed during separate high and low speed
treadmill endurance tests. TAC rats did not appear to run slower or exhibit lower
endurance than their sham counterparts. Moreover, TAC rats were similar rates of
noncompliance towards treadmill running than sham control rats. These results are
somewhat surprising given that other rat models of HF, such as coronary ligation®%®,
ZSF1 obese!®, and Fischer 3442%° rats were reported to have reduced exercise capacity
and exertional tolerance. Similarly, it has been reported that several mouse models of
HFpEF, such as angiotensin I1-infused®3, seipin knockout®?, and nephrectomized?®
mice, also exhibit exercise intolerance. However, abdominal aortic constricted rats
have reported no deficits in VO2 peak or exercise duration and time?* suggesting that
constriction of this conduit artery may not be sufficient to manifest deficits in running

capacity. During the treadmill running tests in this study, only electrical shocks were
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used to motivate the rats to run, which may have led to lower effort and attrition in this
study. Future testing could potentially benefit from using treats as a positive
reinforcement to encourage maximal effort and greater compliance®®.

Grip strength was evaluated to ascertain whether TAC was sufficient to impair
forelimb motor function and performance. The placement of TAC causes a potential
alteration in blood flow to the right and left forelimb. In partial support of this theory,
it has been reported that TAC mice have increased peak blood velocity through the
right carotid and decreased peak velocity through the left carotid artery?%. However, it
was also shown that the mean blood flow velocity through the two carotid arteries were
similar, suggesting that adaptations could be occurring to maintain adequate peripheral
and cerebral perfusion®®®. It is currently unknown if these same alterations in carotid
blood flow occur in the TAC rat. In the present study, the right biceps mass of the
female TAC rat was found to be greater than the left biceps mass. This could be
evidence of muscular atrophy due to potential blood flow deficits through the left
forelimb in female TAC rats. Future work should investigate whether alterations in
forelimb blood flow are present in the TAC rat and, if so, lead to skeletal muscle
atrophy. Regardless, the differences in left and right biceps mass in female TAC rats
did not manifest in grip strength differences, although it should be noted that limb-
specific grip strength was not measured. Grip strength does not appear to be a common
measure of motor performance in murine models of HF. However, there are some
reports that the severity of the disease is correlated with lower grip strength outcomes
in patients with HFpEF?3"2%8 |t has also been separately reported that grip strength in

patients with HFpEF were no different compared to healthy age-matched controls?®°.
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The findings from this study and ours suggest that grip strength testing may not be a
reliable method to evaluate exertional intolerance in this model of HF.

Isolated skeletal muscle testing suggested that the intrinsic contractile function
of the soleus, but not the EDL, was adversely affected by TAC, but only in females.
The relative force production of the soleus muscle appeared to be lower in TAC females
than sham females across most stimulation frequencies. In support of the findings of
this study, soleus specific force of female salt-sensitive Dahl rats, a hypertension-based
HF model, tended to be diminished'®? while ZSF1 obese rat, an obesity-based HF
model, exhibited lower absolute and relative soleus force production than controls?%.
Moreover, HFpEF occurs more frequently in females?#¥-243 although HFpEF appears
to be more severe in male patients??*. Thus, TAC and HFpEF may lead to skeletal
muscle weakening in a potentially sex specific manner, although it remains to be seen
in future work if this skeletal muscle weakening correlates well with HFpEF survival
outcomes in men and women.

This study is the first to evaluate treadmill running and grip strength
performance in TAC rats as a means to determine if this animal model recapitulates the
exertional intolerance seen in patients with HFpEF. Although TAC rats appear to show
no functional deficits in treadmill running or grip strength, female TAC rats seem to
exhibit diminished force production in their soleus muscle. The findings of this study
suggest that HFpEF may preferentially weaken slow-twitch skeletal muscle force

capacity in the female sex.
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Chapter 5: Summary, Limitations, and Future

Directions

5.1 Summary of Findings

In the first study, we were the first to investigate the combined effects of Na*
and Ca?" on mitochondrial function isolated from healthy male Sprague-Dawley rat
hearts. Our findings indicated that Ca?* activation of mitochondrial function was
maintained despite failing levels of extramitochondrial Na*. Indeed, mitochondrial
respiration, forces (i.e., redox and membrane potential), and conductances (i.e.,
oxidative phosphorylation, ETC, and ATP synthase/ANT) were all improved with Ca?*
activation regardless of extramitochondrial Na* levels. This suggests that elevating Na*
alone was insufficient to adversely impact cardiac mitochondrial function in the
presence of Ca?*, which occur normally during periods of increased work. Moreover,
failing levels of extramitochondrial Na* alone or in combination with Ca?* does not
appear to elicit a greater increase in ROS production, which has been implicated in the
development and progression of HF62244245 Therefore, from an isolated mitochondrial
system perspective, elevated extramitochondrial Na* alone or in combination with Ca?*
is not sufficient to adversely impact cardiac mitochondrial function in healthy male
rats.

Although Ca?* activation of mitochondrial function was preserved regardless
of extramitochondrial Na* levels, it was unknown if failing mitochondria were

intrinsically impaired and would respond differently to Ca?* in the presence of failing
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levels of extramitochondrial Na*. In the second study, we investigated the combined
effects of Na* and Ca?* on mitochondrial function from failing hearts in male rats. Our
findings indicated that Ca?* activation of maximal and submaximal mitochondrial
respiration was preserved in failing mitochondria despite failing levels of
extramitochondrial Na* levels and were comparable to healthy mitochondria.
Furthermore, Ca?* was able to activate failing mitochondria and bolster their redox
potential, membrane potential, and conductance across all pathways of the oxidative
phosphorylation pathway. However, and perhaps most importantly, failing
mitochondria exhibited a more depolarized membrane potential than sham
mitochondria, implicating a deficit in the proton gradient required for ATP production.
We assessed proton leak and ROS production to explain the diminished membrane
potential observed in failing mitochondria. A leak in the proton gradient could directly
dissipate the membrane potential while a leak of electrons from the ETC as ROS could
indirectly diminish the membrane potential by reducing the pumping of protons into
the intermembrane space. Interestingly, failing mitochondria did not demonstrate a
greater proton leak nor ROS production than healthy mitochondria; therefore, the cause
of this diminished membrane potential in failing mitochondria remains a mystery.
The aforementioned findings suggest that mitochondria from failing hearts may
produce ATP inefficiently, which in turn may hinder the heart’s ability to respond to
increasing workload demand during exertion. Indeed, exertional intolerance is a key
characteristic of HFpEF, and it is unknown if rats with TAC recapitulate this exertional
intolerance. Therefore, in the third study, we assessed exercise capacity to evaluate

exertional tolerance in TAC rats. We also assessed in vivo and ex vivo force production
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to evaluate if HF elicits exertional intolerance through skeletal muscle weakness.
During a maximal exercise and two endurance treadmill tests, TAC rats exhibited
similar maximal running speeds and work performed to sham control rats. Additionally,
TAC rats demonstrated similar forelimb grip strength to sham control rats.
Interestingly, during isolated skeletal muscle assessments, female, but not male, TAC
solei appeared to exhibit lower relative force production than sham solei suggesting
that HF may weaken slow-twitch muscle in a sex-specific manner. Although we were
unable to observe exertional intolerance in our model of HF, we demonstrated that HF
not only negatively affected cardiac mitochondria but also differentially weakens slow-
twitch skeletal muscle according to sex. Collectively, these findings implicate a
potential impairment to ATP production in HF, a greater need to assess mitochondrial
function beyond simply mitochondrial respiration alone, and a need reevaluate our

understanding of HF with sex as a biological variable.

5.2 Limitations & Future Directions

Although we demonstrated in the first and second studies that Ca?* activation
is preserved in healthy and failing mitochondria regardless of Na* perturbations and
that the Ca?* required to elicit maximal mitochondrial respiration is no different in
healthy or failing mitochondria, it is not known how much matrix Ca?* was present
within the healthy or failing mitochondria prior to Na* incubation. The Na* incubations
were performed to extrude Ca?" from the matrix to allow us to control for
extramitochondrial Ca?* levels. As seen in our Ca?" dose response assays, differing

amounts of extramitochondrial Ca?* will elicit different responses of mitochondrial
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respiration. Therefore, it is undetermined whether failing mitochondria demonstrate an
inherent difference in mitochondrial matrix Ca?* amount that might lead to differences
in mitochondrial respiration compared to healthy mitochondria. However, one of the
goals of this dissertation was to evaluate the capacity of mitochondrial function in
healthy and failing mitochondria. Moreover, there is a potential alteration in
mitochondrial matrix Ca?" content during the transient rupture and resealing of
mitochondrial membranes of the isolation process®*, which necessitated the need for
Na* incubation to control for possible mitochondrial matrix Ca?* differences, inherent
to the mitochondria or as a result of the isolation procedure.

Using isolated mitochondria allows for greater control of conditions and
specific observation of responses; however, the procedure for isolation has been shown
to alter mitochondrial morphology?*¢?*”, Mitochondrial structure appear in branching
networks alongside sarcomeres in skeletal muscle?*®-2%° while mitochondria appear in
aggregated columns of varying sizes in cardiomyocytes®!. When compared to
permeabilized skeletal myofibers, which are assumed to preserve the mitochondrial
structure within the cell, isolated mitochondria exhibit more exaggerated mitochondrial
responses such as greater mitochondrial respiration, mitochondrial permeability
transition pore sensitivity, and ROS production®®2>2, Although isolation of
mitochondria has been reported to exaggerate mitochondrial responses?4¢2°2, jsolated
mitochondria still retain and provide an accurate depiction of the mitochondrial
bioenergetics of its host. For example, aging rats exhibit diminished respiratory
capacity compared to younger rats in both isolated mitochondria and permeabilized

myofibers, albeit to a greater extent in isolated mitochondria?®?. Because isolated
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mitochondria exhibit exaggerated mitochondrial responses, the lack of differences in
mitochondrial respiration, redox potential, proton leak, and ROS production in our
studies only further supports that failing levels of extramitochondrial Na* alone is not
sufficient to adversely alter mitochondrial function in healthy or failing mitochondria.

Although the NCXm and the MCU are the primary transporters that regulate
mitochondrial response via the control of mitochondrial matrix Ca?*, the NHX can also
influence Na* movement and thereby complicates the mitochondrial Na* and Ca?*
interaction. Under extramitochondrial and physiological pH of 7.1, the NHX provides
the primary Na* efflux pathway from the mitochondria and operates close to
equilibrium in isolated mitochondria®?®13°, Because extramitochondrial Na* is elevated
in HF, extrusion of Na* from the matrix via the NHX is unfavorable as the it must
operate against the Na™ gradient. Additionally, operation of the NHX returns protons
back into the mitochondrial matrix and dissipates the membrane potential as a result.
However, it was observed that proton leak was no greater in failing mitochondria than
sham mitochondria suggesting that the activity of the NHX may not be different in HF.
Future work assessing mitochondrial function and proton leak while using an NHX
inhibitor, such a phloretin, cariporide, or benzamil®>3-2%"  can help elucidate the impact
of NHX on mitochondrial function in HF. Our findings indicate that failing
mitochondria have diminished membrane potentials and inhibiting the activity of NHX
would prevent the return of protons back into the mitochondrial matrix, and as such,
prevent the dissipation of membrane potential. Interestingly, it has been suggested that
SGLT2 inhibitors, one of the few pharmacological therapies that have demonstrated

improvements in quality of life and reduced hospitalization in patients with HFpEF*8-
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%0 may inhibit NHE to alleviate symptoms of HF, such as arrhythmias, ischemic and
reperfusion injury, and myocardial edema®®2>*, SGLT2 inhibitors have also been
suggested to inhibit NHX?°, an NHE isoform, which if true, may impart
cardioprotective effects, in part, by preventing the depolarizing effects of proton influx
via the NHX. A better understanding of the mechanistic interactions between the NCX,
MCU, and the NHX may contribute toward the development of effective therapies to
combat mitochondrial dysfunction in HF.

Although our HF model demonstrated deficits in mitochondrial membrane
potential and exhibited evidence of concentric hypertrophy, we were unable to observe
evidence of exertional intolerance. Importantly, our animal cohort exhibited extremely
high rates of attrition that were no different between TAC and sham rats. This suggests
that perhaps only employing a unpleasant stimulus may lead to avoidance behavior to
either terminate the test early or fail to initiate any testing?'. Moreover, the exercise
tests require volitional participation and the use of electrical stimulation without a
reward may not incentivize the animals to perform to their maximal capacity?®°.
Therefore, future work reassessing the exertional intolerance in the TAC model of HF
should employ positive and negative reinforcement training to incentivize maximal
volitional performance to best observe these potential exercise deficits. Additionally,
these exercise tests were performed without experimenter blinding and may introduce
bias, despite having objective criteria for termination, to the results. However, any
possible bias may not have had a great effect as the findings indicated that TAC rats
did not exhibit lower performance, which would be expected out of a HF model,

compared to sham controls.
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Because the exercise and strength tests required volitional participation, ex vivo
muscle assessments were performed to elucidate whether there were deficits in skeletal
muscle force production that could limit exertional capacity. Interestingly, female, but
not male, slow-twitch muscle exhibited lower force production with TAC than sham.
This suggests that females may respond differently to pressure-overload induced HF
than males. Importantly, the findings from the first and second study were only
performed in male rats. Therefore, it begs the question if failing mitochondria from
female rats also demonstrate the deficits in membrane potential as seen in male rats,
and if so, to what degree. Specific female or male differences would lend support for
the greater consideration of sex as an important biological variable for the development

of HF therapies.

5.3 Conclusions

This dissertation research sought to examine the interaction of elevated
extramitochondrial Na* and Ca?* on mitochondrial function in both healthy and failing
mitochondria as well as assess the exertional tolerance in a rat model of pressure
overload induced HF. Our findings demonstrated that Ca?* activation of mitochondrial
function was preserved regardless of extramitochondrial Na* levels. Moreover, failing
mitochondria exhibited diminished membrane potential despite having similar
respiration rates to healthy mitochondria. Although exertional intolerance was not
observed during the exercise tests employed, female, but not male, rats with TAC
demonstrated lower slow-twitch muscle force production than their sham counterparts.

The findings of this dissertation support the theory that mitochondrial dysfunction
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could contribute to an energetic imbalance in the HF. Lastly, this research demonstrates
a greater need to explore mitochondrial function beyond simply mitochondrial
respiration as well as supports the need to investigate sex as an important biological

variable in HF.
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